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Relative Dimensional Stabilities of a Selected Series 


of Stainless-Steel Decimeter Bars 


Benjamin L. Page 
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standards of length 


oft these bars were 


suitable for use as line 


1. Introduction 


It is known that the length of most linear standards 
at anv specified temperature cannot be — to 
remain the same over a period of vears, nor can it 
be assumed that the secular changes in the hans are 
uniform over any definite period of time. It ts, 
therefore, essential that a stable material be obtained 
for use as a line standard of length so that frequent 
calibrations are not required. Other requirements 
are that the surface to be graduated must take a good 
polish, be free from piis and melusions, have gradu- 
ations that are straight, and as ave clean sharp edges 
in order that the standards can be fully relied upon 
to give ihe requisite degree a Accuracy in their use 

Several of the National Bureau of Standards 
decime ier si anal ards thi Li hi uve be ‘Cll fre ‘que nthy cali- 
brated in terms of the International P rototype Meter 
were used in conjunction with the 13 stainless-steel 
decimeter bars selected for the pr investigation. 
To calibrate bars intercomparisons by pairs 
were made using different combinations in order to 
obtain the most probable corrections to their lengths. 

Because the intercomparison of 15 bars (2 NBS 
standards and the 13 bars in this group) consumed a 
great deal of time in the earlier measurements, a 
method! that subsiantially diminished the time with- 
out significant in the 1955 
interco pparisons 

This go of 13 decimeter bars was first intercom- 
pared in 1930 and in subsequent vears up to 1955. 
The cll in length changes of the bars over (he 
25-vear period are 

In making the present measurements on the deci- 
meter bars, every reasonable precaution was taken to 
have the results reflect. the accuracy and precision 
that is obtainable with the present NBS equipment. 

The investigation was initiated by C. G. Peters, 
formerly of the Bureau. 
blanks, determined some properties of the bars, and 
graduated them by the use of wavelengths of light. 


‘SCL 


these 


loss of accuracy was used 


discussed 


————— 

W.J. Youden and W. 8S. Connor. New experimental de n for paired observa 
Hons, J. Research N BS 53, 191 (1954) R P2532: Willard H. Clatworthy, Partially 
balanced incomplete block designs with tw ssociate classes and two treatments 


per block, J. Research NBS 54, 177 (19 R P2579 


lengths of a series of sta 
nty-five vears are reported 
results were analyzed 


He prepared the deecimeter 


inless-steel decimeter 
Data on the degree of dimensional stability 


Some of the bars were found 


2. Description of the Decimeter Bars 


The 13 deci neter bars are made of stainless steel 
(Fe-Cr) 130 mm in length and have a cross section of 
lsbv 15mm. The upper rectangular surface of each 
bar has a 3-mm bevel in order to facilitate the optical 
polishing of the surface to be graduated, and in each 
case Is remarkably free from any pits, inclusions and 
scratches, and closely approximates a true plane. 

Each decimeter bar has only a single 1-dm interval, 
which, as is the custom, is defined as the distance 
from the center of the central line of a group of three 
lines near one end to the center of the central line of a 
similar group of lines near the other end. The lines 
have a width of netier lie 3 ym. 

On each bar two parallel lines approximately 
mm apart are ruled ati right angles to the graduations. 
Only that portion of a graduation lying between 
these two lines is considered when measurements are 
made 

The coefficients of linear thermal expansion of the 
decimeter bars was determine | as 10.25 107°/deg C 
ai room temperature. 

Table 1 gives available data on the chemical com- 
position, heat treatment, and scleroscope hardness 
of the bars. 


0.2 


3. Description of Longitudinal Comparator 


The longitudinal comparator described by Page * 
was used for the intercomparisons of the decimeter 
bars during the investigation of their dimensional 
stabilities. In this comparator there is a beam 
carrying two microscopes, which moves in a longi- 
tudinal direction. The axes of the being 
compared were collinear. 


scales 


4. Calibration of the Decimeter Bars 


The latest intercomparisons of the decimeter bars 
were made in 1955. The results of the previous 
measurements of the total lengths of these bars 


Benjamin I Page, Calibration of meter line standards of leneth at the 
National Bureau of Standards, J. Research N BS 54, 1 (1955) R P2559 
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TABLE lI. 
Chemical composition 
Bar * 

Cr ( Mn P Ss 
2 13.9 0.32 0.28 0.02 0.03 
7 13.9 0. 32 0.28 0.02 0.03 
s 13.9 0. 32 0. 2s 0.02 0.03 
” 13.9 0. 32 0. 28 0.02 0.08 
10 13.9 0. 32 0. 28 0. 02 0.03 
11 13.9 0). 32 0. 28 0. 02 0.03 
12 13.49 0. 32 0. 2s 0.02 0.08 
13 13.4 0. 32 0. 28 0.02 0.038 
14 14.0 03 to0.4 0.4 
15 14.0 O08 to 0.4 0.4 
if 12 tol4 0.10 
i774 16.5 to 18 1.0 
nN) 11.0 0 to 1.0 


» All bars conform to American Lron and Steel Institute specifications, AISI 


Slight longitudinal crack developed when quenched 
AISI 410 
1 AISI 440 

Annealed 


made in 1930, 1932, 1938, and 1941, together with 
the results of the latest measurements, are included 
here. 


4.1. Determination of Total Length 


All measurements on the bars were made with 
the NBS comparator described above, with the 
temperature of the room controlled at 20° C. The 
bars were allowed to remain in the comparator for 
a sufficient length of time to assure thermal equi- 
librium at a temperature very near 20° C before any 
measurements were begun. All measured differences 
between any two bars were corrected to 20° C by 
using the respective coefficients of linear thermal 
expansion. 

For convenience, the corrections to the bars are 
given instead of actual lengths. The actual length 
is equal to the nominal length plus the correction; 
hence, a plus correction indicates that a bar is longer 
than the nominal length. 

The 13 selected decimeter bars and 2 NBS stand- 
ard decimeter bars were placed in the comparator 
in a random manner with respect to their relative 
positions, either to the right or to the left. Several 
bars were placed at either end of the comparator at 
any one time so that more than two bars could be 
intercompared in any one day without danger of a 
serious change in thermal equilibrium of the bars 
caused by their being handled and by the removal 
of the covers on the comparator tank in which the 
bars were mounted. All measurements were made 
with the bars in air while supported on a horizontal 
flat surface. 

To obtain the differences in the length of two bars, 
two microscopes, separated by any convenient dis- 
tance, were focused, one on the 0 graduation of the 
bar on the left and the other on the 0 graduation of 
the bar at the right. Micrometer observations were 
then made on the 0 graduation of each bar. The 
carriage was then moved so that the microscopes 
were over the l-dm graduations before the observa- 


tions were made. For convenience in computing, 


Chemical composition, heat treatment, and hardness of the stainless-steel bars 


rreatment 


Sclero- 
SCOpe 
s Cu Ni Quenched from rempered hardness 
930° C it 
» ( 
0.3 0.03 0.07 In oil wn) 66 
0.35 0.03 0. 07 do i) 67 
0. 35 0.03 0.07 do $40 =) 
0. 35 0.038 0. 07 do 120) ps 
0.3 0.03 0.07 do 300) = 
0.35 0.03 0.0 In H20 100) 1) 
0. 35 0.038 0.07 do 310 >) 
0. 35 0.03 0.07 do Not te mpered 6 
0.05 do do ™) 
0. 05 do do do. 
do do 48 
0. 05 e 
0.9 In oil is) =) 
420, with the exception of bars 16 and 17, 


the bar at the right was always designated as A and 
the other as B. The comparisons to determine the 
differences in length between each pair of bars, 4 
and B, were repeated six times, and the temperatur 
of each bar was recorded. The mean of these dif- 
ferences was corrected to 20° C, and the differences 
in the length of the bars, L=A—B, was thus de- 
termined. 

The results obtained in the 1955 series of com- 
parisons are shown in table 2. The values in brackets 
were computed from the directly observed differences, 

As the work required to observe and determine 
values for the VCNV—1)/2=105 differences between 
15 bars, consumes an excessive amount of time if all 
differences are directly determined, it was decided 
to divide the bars into 4 groups; 3 of 6 bars each, 
and 1 of 4 bars. The grouping of the 15 bars was as 
follows: 


Group 1: 57, 24,2,7,8, and 9. 
Group 2: 57, 24, 10, 11, 12, and 
Group 3: 57, 24, 14, 15, 16, and 
Group 4: 57, 24, 8, and 20 


13 
17 


This procedure reduces the number of observed and 
determined values between 15 bars to 51. 

In order further, to reduce the number of direct) 
determined differences between the bars, a method 
(see footnote 1) was used, whereby only 9 of the 15 
differences were directly observed in each of the 
first 3 groups, with the remaining 6 differences com- 
puted from the directly observed values. All of the 
differences in group 4 were observed directly. This 
plan reduced the number of directly observed dif- 
ferences to a total of 33. As the value for dm 57—dm 
24 is used 4 times, and the value for dm 57—dm 8 1s 


used twice in the computations, the number of 


directly observed differences was finally reduced to | 


29. 
It has been previously determined (see footnotes 
1 and 2) that in spite of this reduction in the number 


of observations, the desired accuracy for the com- 
: | 


parisons is obtained. 
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TABLI 2 Differences in le ngtl ol decimete) hars at A” be re pre ese ‘nted by the le ‘tte rs a to f. The direct 
comparisons will be as follows: a with b, c, and d; 
and b, c, and d each with e and f. This can be il- 
1ade at temperature, f, and reduced to 20° C, using the respective — a 
Directly observed differ- lustrated as follows: 


1955 series of comparisons 


rO- Observations l! 
yi Jjlues of the coefficients of linear thermal expansion 








ces B) are the values not in brackets Values in brackets have been | 
npute d from the directly observed differences | ; -C 
b 
Observed Observed temperature, ¢ " 
Bars com difference 
pared I 
Bar A Bar B 
] ec 
iminus B vm ( ( a Cc 
57 24 4. 24 20.00 20.00 | f 
2 24 13. 76 19. 88 19. 86 | 
7 24 14.1 1¥. SS 14. 86 ‘ 
s 24 13. 76 | 
a) 24 14. 37 : 
2 7 10.3 | \ af 
7 57 10. 72 d 
x 57 10. 31 10. OF 19. OF | 
4 7 11.00 14. 06 19.9 ee | 
ri 2 0.3 
: : 0. 6 —o 20.24 | The remaining computed differences will be: a with e; 
‘ ; ae en sai a with f; e with f; b with ¢; ¢ with d, and b with d. 
9 ; 0.31 19. 99 19. 95 Illustrated graphically this will be 
aid 9 s 0.61 
the 57 24 4 24 20. 00 20. 00 7 ° 
10 24 13. 72 14. OS 10. 04 
al 11 24 13. 44 20. 01 19. 97 a b 
ure 12 24 13. 61 =f . 
dif- 13 24 16, 20 f d 
Ces 10 7 10. St 
11 47 10. 20 ° . ° . . 
de- 12 57 10. 53 20.02 19. 98 Another way to illustrate this design graphically is: 
13 - 1? && (). 24 2%), 22 
ym- 11 10 L(), 3¢ 
12 10 +0). 27 WO. 52 20, 00 
cets 13 10 2 48 *). H2 A). AT 
cs - 11 l 20). SS 20. 53 
Line 5) 11 2.83 20.60 D0). 5A 
Cel | 12 9 ) 
all 24 4. 24 20.00 20. 00 
led 14 24 1h. St 20. OF 20.03 
‘| I 24 16. 16 19. 97 19. 04 
CT, ¢ 24 14. 11 
; as 17 24 13 
i r 14. 
] 7 13 
1 57 10. 83 19. 04 19. 91 
7 10.14 20.03 20. 00 
14 +). 54 
l¢ 14 +2 4 20.10 20). Ot rin . . . 
i7 14 3 i 20. 03 m0. 05 The letters at the ends of the solid lines represent 
™ rT = @ ~~ the bars that will be compared directly, and those 
ind 1S +3.14 20. 05 20. 08 at the ends of the dotted lines represent the bars 
16 40.8 whose differences will be computed from the directly 
tly 5 24 24 20.00 20. 00 observed differences. 
101 8 24 13. 58 20. 20 20.17 To compute these unobserved differences in length 
20) 24 7 XH). 03 0.0 . ‘ 
15 between the bars the following method, illustrated 
the " ; 0.2 20.01 + by 8-24, was used. First, the mean of the differences 
m . . an ‘ between 8 and each of the other bars with which it 
the ; si was directly compared, and for which there is a 
‘his Sica: lk il atid corresponding directly observed comparison of that 
lif- temperature 20. 08 other bar with 24, was found. Next, the mean of the 
dm differences between 24 and each of the others with 
8 is which it was compared, and for which there is a 
of In order to select the pairs of bars, in a group of corresponding directly observed comparison of that 


to | 6, that are to be compared directly and those to be | other bar with 8, was found. Finally, the mean 

computed, a procedure, called a partially balanced | values were added algebraically. This is the com- 
tes ncomplete block design, can be developed for the puted Vi alue for the difference, Ss 24, or 13.76 Ml, 
ber intercomparison, in which 9 of the comparisons are | as 1s shown in brackets in table 3. The other brack- 
m-{ made directly and 6 are computed from the direct | eted figures in table 3 were computed in a similar 
comparisons. To illustrate this design, the bars can | manner 
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The reduction of these observed and computed 
differences by the method of least squares Was car- 
ried out for bars of group 1 by the use of the form 
Tables for the bars of groups 2 to 4 
are not because thev are similar in form 
The differences, ?. bet ween obset \ ed and calculated 
These i residuals 


shown in table 3 
shown 

differences are shown in table 3 
range from 0.00 to 0.11 u, and the average, neglecting 
The probable error of the calculated 
the corrections between 


is O.05 wu. 


sigh 


value of the differences in 


any two bars that were directly compared, r, ts 
given by the formula 
vy 
r=0.6745 \ 
\ yy (N—A 

A. I rd i ¢ \ I | I 1 ‘ 
Travaux et Mémoires du Bu I \ 

1v45 

‘iT. W. Wrigl LF. 
l 143 190 
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where Y7* is the sum of the squares of the residuals 
N, the number of observational equations; .NV,, the 
number of unknowns. In the example considered 
V. is equal to 5 and N equal to Kor the Cuse Give 
in table 3. ¢r is ecaleulated to be 0.025 u. The 
probable error of the caleulated value of the differ- 
ences in the corrections between anv two bars that 
were not directly shehtly different 
The probable eCrrors of the calculated values of the 


other 3 groups of bars in the 1955 series of co ppacl- 


compared ts 


sons are of the same order of magnitude 

In the comparison of the bars to determine then 
total corrections for the study of their stabilities, tl 
smallness of the residuals indicates that the bars 
were in good thermal equilibrium while the observa- 
tions were being made. It is believed that the cor- 
rections determined for the total leneths of th 
decimeter bars in each of the five series ef ealibra- 
tions are not in error by more than O.1 yw. 

During the period 1930 to 1956. inclusive. 5 series 
of determinations of the corrections to the group 0! 
13 dm bars were made. The corrections to the total 
length of the bars at 20° C are given in table 4. 
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CHANGE , MICRONS 


| ABLE 4 Determination of corres 


tions to decimeter bars at 20° C 


1930 to 1055 series of comparisons 
Correction to ba correction to standard used+(bar—standard used All values expressed in microns 
Y r of correction determination Ditferences 
B 

0 432 1438 104] 1Q55 1432 1430 143s 1432 1041 1438 19455— 1941 1955 — 1930 

2 ; i SS 115 1.30 0.70 +0. 10 oO. 30 O.15 +0. 00 +), 2A 

7 0. 60 0. 65 0. 80 0. 80 1.05 0. 05 0.15 0.00 (0). 25 0.45 

s 0.50 0.35 0. 35 0. 60 0.75 +0). 15 0. 00 0. 25 0.15 0. 25 

) 0.00 0. 65 0.75 0. 65 1.35 0.05 0.10 +0. 10 0. 70 0.75 

10 ( 0. 65 0. 55 0.70 O85 0.10 +0. 10 0.15 0.15 0. 30 

“4 0. 30 0. 20 0.35 0.45 +0). 15 +0. 10 O.15 0.10 0.00 

9 , 40 0). 35 Oo.) Om 0. 65 +0). OF 0.15 0. 00 0.15 0. 25 

13 0. 60 1.45 2.10 2. 35 25 O.8 0.65 (). 25 0. 90 2.65 

FY 70 1. 70 > st) $15 +85 1.00 1.10 0.3 0. 70 4.15 

0.40 1.40 2? 10 2 70 + 30 1.00 0.70 0. 60 0. 60 2.00 

‘ of ‘A 10 l 1.1 0. 55 +0. 10 0.45 +0. 40 0.50 

2 0.1 0.35 0. 30 0. 30 +O. 10 0.20 +0. 05 0. 00 0. 05 

‘) 0.10 0.1 0. 30 0.6 0.05 0.15 0. 30 ‘ 0.) 


It will be noted that all of the bars, with the ex- 
ception of bars 2 and 11 shortened during the 25- 
vear period. Bar 2 lengthened by 0.25 yw; bar 11 re- 
mained the same length. The changes in length 
range from —3.15 uw to 4+-0.25 w, as shown in figures 
| and 2. 

Table 5 shows the average annual changes for eacl 
of the decimeter bars over a period of 25 vears. 
These changes in length per decimeter are rather 
small, with the exception of AISI 420 bars 13, 14, 


and 15, which were quenched but not tempered, 
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FIGURE l. Chanae n lenath of decimeter ba 


The average annual change in length over a period of 
25 vears for these three bars was —0.12 yu/dm, or 

1.2y4/m. It is significant that the average annual 
change in length over the same period for the remain- 
ing 8 AISI 420 bars, which were both quenched and 
tempered, was only —0.01 u/dm, or —0.1 h/m. The 
annealed bar 17 was exceedingly stable, but it did 
not take a good polish on account of its low hardness 
and therefore was not suitable for a line standard. 





CHANGE , MICRONS 














-2.$ 
7 
7 
-3.0 
-3.5 | Oe : = 
1930 1932 1938 194! 1955 


YEAR OF DETERMINATION 


FIGURE 2 Change in lenath of decimeter bars, 
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TABLE 5 Length changes of decimeter bars 5 Conclusion Iqyrnal 


Recmuse dhenaes por yest The average annual change in length of 8 dm bars ' 

— of quenched and tempered AISI 420 stainless Stee 

1930 to :1982to | -19BRto | IML to | 1990 to was 0.1 u/m during a period of 25 years. This 

_ vr in - - small change was approximately one-half the averag 

. : a . : annual changes of a group of four meter bars made of 

2 +0. 05 0. 05 0. 05 TU. O4 r0. O1 invar, 42 percent nickel-steel, and ‘Fix Invar’’. Ove! 

8 $0.08 0. 00 0. 08 0.01 0.01 a similar period of time. This degree of Stability 

_ ca | aaa | oe a eo indicates that AISI 420 stainless steel would J 

. mee als - ape me suitable for line standards of length, for which 

12 LO. O3 0.03 0.00 0.01 0.01 permanence of 0.1 u/m over many Vvears is required 

+ oe =o oc oe .s The author expresses his appreciation to W. BR 

l 0.50 0. 12 0. 20 0. 04 0. 12 Emerson, r.. Hidnert, lL. \. Judson, and W. J 

16 0.28 Lo. 02 0.15 £0.03 0.02 Youden for valuable discussions and assistance dur- 
» _— oot | 0.05 ace | soo ing the preparation of this paper. 
* 1932 to 1955. WASHINGTON, October 25, 1956. 
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Thermal Quenching in Alpha- and Gamma-Excited 
Fluorescent Solutions 


H. H. Seliger and C. A. Ziegler ' 


The effects of reduction of temperature on the relative light outputs of the gas-free liquid 


scintillators, DPO, aN PO, and PBD-4 


POPOP, 


dissolved in xylene, have been investigated. 


From room temperature down to —35° C the relative light outputs increase markedly under 


both alpha and gamma excitation. 
been possible to make a gas-free 
crystal anthracene 


1. Introduction 


In a previous paper the application of the 41- 
erystal-seit ntillation counter {1|* to the standardiza- 
tion of the disintegration rates of medium- and high- 
beta emitters was described. The method, 
possesses no advantages over the 428-gas- 
proportional counter |2,3,4] in that the method of 
source preparation is the same and, therefore, the 
source self-absorption is not changed. The liquid- 
sintillation-counting technique offers a means of 
completely eliminating source self-absorption because 
the active material can be incorporated into the 
solution directly. This is especially important for 
low-energy beta emitters and electron capturers 
where source self-absorption can be appreciable [4]. 

As a first step in the application of liquid scintilla- 
tors to absolute beta counting it was decided to 
determine the optimum conditions for maximum 
light-conversion efficiency of the liquid scintillators. 
It has been well known in the field of fluorescence 


energy 
nowever, 


that molecular oxvgen in solution in an organic 
fluorescent liquid is in many Instances a strong 


quenching agent [5,6,7,8,9]. In 1931 Kautsky [6| 
showed that the quenching by oxvgen of the fluores- 
cence of the dye, trvpaflavine, increases as the dye 
is dissolved in water, alcoholic solutions, and acetonic 
solutions, corresponding to the increasing solubility 
of oxygen in these solutions. Seliger, Ziegler, and 
Jaffe have recently reported e quenching 
by oxvgen in the cases of DPO and aN PO in xvlene 
solutions is primarily a solute effect, which appears 
to be in agreement with results tabulated by P. 
Pringsheim [11] for other fluorescent solutions. The 
removal of dissolved oxygen is, therefore, of primary 
in the improvement of light-conversion 





concern 
efficiency. 

A thermal quenching effect for certain fluorescent 
dyes was also reported by Pringsheim [11]. It was 
decided to investigate this phenomenon for several 
of the most efficient liquid scintillators reported 
12,13]. However, in view of the previous work on 
oxygen quenching, the thermal quenching was in- 
vestigated for solutions in which all dissolved gases 


Bostor 
rature 


. Mass 


references at the 


Present address: Tracerlab, In 


Figures brackets indicate t end of this 


paper 


Under the conditions of the present experiments it has 
solution of PBD-4 


POPOP in xylene more efficient than 


had been removed. These included 2,5-diphenyl- 
oxazole (DPO);  2-(1-naphthyl)-5-phenyloxazole 
(aN PO) ; phenylbiphenyloxadiazole-1,3,4 (PBD) ; an- 
thracene; and p-bis(2-(5-phenyloxazolyl))-benzene 
(POPOP) 


2. Experiments and Results 


In previous experiments on the effects of oxygen 
quenching [14,15] it was reported that relative oxy- 
gen quenc ching was a function of solute concentration. 
Tt was therefore decided to measure any possible 
effects of temperature at concentrations of solute 
close to the peak light-output concentrations which 
have been reported by Hayes and co-workers [12,13] 
at room temperature. The vacuum system that was 
used to prepare liquid solutions free of all gases is 
shown in figure 1. Weighed samples of dry solute 
were delivered to 5-ml evlindrical Pyrex absorp- 
tion cells and appropriate volumes of purified 
m-xvlene were vacuum distilled into the individual 
using liquid nitrogen as condensing agent. 
Each of the cells while still under high vacuum 
(107° mm) was flame-sealed from the system. The 
cells were laid flat on the face of a phototube and 
were surrounded by an aluminum reflector, the 
scintillator-phototube combination being inside a 
light-tight refrigerator. Temperatures were meas- 
ured by means of a copper-constantan thermocouple 
in direct contact with the outside of the glass cell. 


cells, 


TO VACUUM 
PUMP 


— 

















OIL DIFFUSION 
SAMPLE CELLS PUMP 
SOLVENT 


CONTAINER LIQUID N, 
TRAP 
Figure 1. Glass system employed for preparing gas-fre¢ 


solutions. 
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2.1. Alpha-Particle Measurements 


In addition to the dry solute, inside each cell was 
placed a small gold trident on one spear of which was 
plated sufficient polonium to give 1,000 to 2,000 
counts per second. The pulse-height distribution of 
the source was observed with a single-channel pulse- 
height analyzer. The change in the light output 
with temperature was assumed to be proportional to 
the displacement of the peak position of the pulse- 
height distribution. 


2.2. Gamma-Ray Measurements 


Sample cells, prepared without the polonium-plated 
tridents, were placed in the collimated beam of a 
l-millicurie radium source. This time the change in 
the light output with temperature was assumed to 
be proportional to the d-c current measured with a 
vibrating-reed electrometer. 

The experimentally observed data are summarized 
in figure 2. The solid curves are the results of the 
gamma-ray-excitation measurements and the dashed 
curves are the results of the alpha-particle-excitation 
measurements. The relative increases observed due 
to lowered temperatures are of the same order for 
both alpha and gamma excitation. However, the 
shapes of the curves are decidedly different. The 
relative increases in the alpha-excitation case are 
linear with temperature over the range investigated. 
The gamma-excitation curves, while 


exhibiting a 
steeper initial slope, tend to flatten out somewhat 
below 0° C 
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3. Discussion 

The results reported are for the liquid-seintill; ator- 
phototube combination. The phototube temperg. 
ture response has been investigated previously and 
was found to decrease slightly with decreasing tem. 
perature [16], so that the net increase in liquid. 
scintillator light output would appear to be eyey 
greater. However, the phototube effect is small 
(0.1 to 0.2% per deg () and seems to vary from 
one tube to another and with the previous histor, 
of the tube. 

It is surprising that this effect has not been re- 
ported previously, especially as refrigeration is gq 
frequently used in liquid-scintillation counting. te 
reduce thermal tube noise. However, the Increas- 
ing solubility of O, with decreasing temperature gives 
rise to additional quenching, tending to mask th: 
increase observed with gas-free solutions. Kallmany 
has measured the light outputs of air-saturated 
p-terphenyl-xylene solutions at room temperature 
relative to cry stal anthracene and reported a ratio 
of 0.48 [17 The results of our own gamma-ray- 
excitation measurements made at room temperature 
on gas-free PBD+POPOP in xvlene and on. air- 
saturated p-terphenyl in xylene give a ratio of light 
outputs of 2.03:1. From figure 2 a further factor of 
1.20 is to be gained by a temperature reduction of 
the PBD+ POPOP solution to —35° C. Thus the 
maximum efficiency obtained in the present experi- 
ments for PBD+ POPOP in xylene was 1.17 relative 
to crystal anthracene, the latter at room temperature, 

It is intended to extend the measurements de- 
scribed in reference [1] to the liquid scintillator 
combination of PBD+POPOP at reduced tempera- 
tures and under gas-free conditions 
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and Two-P Gloss Method 

and wo-Farameter Gloss Methods 

“Mm - 

ud. I. Nimeroff 

ven 

nal The concept of a parameter of glossiness, that is, measurement under one set of illumi- 

‘om nating and viewing conditions, is developed. To describe completely the glossiness of a 

ory specimen requires multiparametric measurements on the geometric distribution of reflected 
light-flux \s one-parameter methods have been found to yield inadequate descriptions of 
specimen glossiness, two-parameter methods were investigated. For specimens with 

re- differing incidence-angle dependency, a two-parameter method using specular gloss measure- 

SO ments at two incidence angles is suggested. For specimens with differing flux-scattering 

to characteristics, a two-parameter method using specular gloss measurements for two receptor 
as apertures is suggested. Several existing standard two-parameter methods are reviewed. 

‘ Results of a seven-laboratory round-robin test of the two-parameter (receptor aperture 
Ves method are reported and analyzed. To establish correlation between measurements ob- 
thi tained with the suggested two-parameter (receptor aperture) method and subjective evalu- 
in) ation of image brightness and image distinctness, a subjective test was formulated. The 
ted results of this test, here analyzed and discussed, indicate the usefulness of the two-parameter 

method 
ure 
to l. Introduction beam and the perpendicular to the specimen plane; 
av- 

@, the azimuth angle (the angle between a reference 
ul . . ° » ore ° . . ° ° . . 
* For many vears American Society for Testing | line in the plane of the specimen and the projection of 
ra Materials committee deliberations on glossimetry | the incident axis on that plane); w, the solid angular 
” definitions have been concerned with use of terms | subtense, or aperture, of the incident beam; 6’, 9’, 
a like “aspects,”’ “criteria,” “modes,” and “types” of | and w’, the corresponding geometric variables of the 
i) . . ° 
] gloss in describing instrumental measurement tech- reflected beam. 

« niques found to correlate with some glossiness If the goniophotometric readings for a specimen 
. characteristics. Glossiness, or glossy appearance, | under each set of illuminating and viewing conditions 
ive » . . y ° » 

is a function of how an observer evaluates the (parameters) are represented by G where 7 refers 
re ° . ° . . = 
i veometric distribution of flux reflected by a specimen. | to the incident beam, and r refers to the reflected 
wi To evaluate completely this appearance character- | beam, the complete gloss description of the specimen, 
or . . ° ’ . . . rm: 

stie, called glossiness, observations under many | Gs, would be a function of these parameters. This 
rii- "Nene . . ° : . 
conditions of illumination and view are required. | may be symbolically stated: 
A measurement under each illuminating and viewing C.—FG ( 
5 . . 7 *(Uree), } 
condition may be called a parameter ol clossiness. : 
re Techniques involved in methods for evaluating | where 7 is dependent on @, ¢, and a, and ris dependent 
ol specimens have ranged from one-parameter to on A’. od’. and w’. This dependence may be stated: 
4, = multiparameter observations. The multiparameter 
0 technique is complex, time consuming, and too i=f (0,0,w) ; 
dv. ssa ’ . 4 s aa ee: ; y ° : : ( a) 
costly to perform for every specimen. While a r=q (6’.6'.w’). 
4 | one-parameter technique can vield data simply, 
rapidly, and inexpensively, it is an oversimplified An analvsis of goniophotometric data can be con- 
solution to the problem of instrumental evaluation | sidered as a solution of eq (1) for the functional 
g of gloss characteristics. One-parameter data often | description, F(G;,,). Thaler [2] published a rather 
lead to erroneous conclusions about the comparative complete set of parametric measurements for a 

- appearance of specimens. To decrease the number | series of MgO specimens, using constant w and @’, 
- of erroneous conclusions without materially in- | but did not develop a functional description of the 

nereasing the complexity, time, and cost of the appearance of the material. 

\ measurement, a compromise between a one-param- 

, eter and a multiparameter technique is required i we nr ee pu 
’ . . 

7 2. Multiparameter Technique 
es 2.1. Multiplane Goniophotometry 
9, Multiparametrie observations can be taken on / 

either multiplane or monoplane instruments, called \ 
goniophotometers. A multiplane goniophotometer 1 | 


would have many geometric variables at its disposal. 
Such an instrument was designed and constructed by 
MeNicholas [1].!. Figure 1 shows the geometric 
variables: @, the angle between the axis of the incident 





Figure brackets indicate the literature references at the end of this paper 
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FIGURE 1 Geometric variables of a multiplane goniophotometer 
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2.2. Monoplane Goniophotometry 


A monoplane instrument has one less variable at 
its disposal than a multiplane instrument. The 
variables of a monoplane goniophotometer are those 
of figure 1, except that ¢’=¢. The variables are @ 
and w for the incident beam, @ and w’ for the reflected 
beam. If rectangular source and receptor are sub- 
stituted for the circular ones, the angular sizes w and 
w’ become a8 and a’8’, respectively. Goniophotom- 
eters of this type have been designed and con- 
structed by Wetlaufer and Scott [3], Moon and 
Laurence [4], Hammond and Nimeroff [5], and 
Middleton and Mungall [6]. 

For this type of instrument, the gloss description 
of the specimen, G, could be svmbolically represented 
by: 

G= F\ Gi, ole 


where ¢ is dependent on @, a, and 8, and r is dependent 
on 6’, a’, and 8’. This dependence is stated: 


i=f{0,(a8)] 
li et 
Analyses of goniophotometric data obtained on 
this type of instrument have been made. Barkas 
[7] suggested a method for theoretically separating 
the specular and diffuse reflection components of a 
specimen by finding an equivalent theoretical sur- 
face that will have the same goniophotometric 
reflectance as the specimen. Middleton and Mun- 
gall [6] suggested a similar analysis for goniophoto- 
metric data. These analyses were confined to 
fairly matte surfaces, such as beaverboard and snow. 
ASTM Method, D636—54 [8] recommends use of a 
Dows-Baumgartner reflectometer [9] and analysis of 
its goniophotometric data in terms of reflective 
diffusion indexes: 


(2a) 


4 


*OO 
| 26’ de’ 
D,.=* 
, 97 P(3°) 


\" P(6’\de’ 


dD, 





75 a l 5° ) J 


where R(@’) is the reflectance at viewing angle, 6’. 
The specimen is illuminated perpendicularly, @=0°. 

Analysis of goniophotometric data for specimens 
ranging in gloss from matte to highly specular was 
made by Nimeroff [10]. The goniophotometric 
data were analyzed in terms of indexes of dispersion, 
skewness, and kurtosis (peakedness index), related 
to the second, third, and fourth moments, re- 
spectively . 


3. One-Parameter Technique 


3.1. Specular Glossmeters 


One-parameter instruments that have been devel- 
oped recently have been monoplanar with fixed 
source and receptor apertures and fixed incidence 
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and specular reflecting angles. Symbolic represep, 
tation for the geometry of such a one-paramete; 


instrument Is 
i f(,(ap)| 
r=g9|—9@,(a’p’)). 4 


Specular glossmeters have been developed for q 
least five different incidences angles, 20°, 45°. 9° 
75°, and 85°, and are described in ASTM, PEI, an 
TAPPI gloss methods. These methods have proyep 
satisfactory except for occasional confusion resulting 
from inadequacy of a one-parameter technique. 


3.2. Inadequacies of the One-Parameter Technique 


Specular reflectance of a specimen depends on thy 
angle at which light flux is incident on the specimen 
For some specimens the rate of increase of specula; 
reflectance with increasing incidence angles exceeds 
the rate for other specimens. Thus two specimens 
can have the same gloss when illuminated at on 
incidence angle and have much different gloss whey 
illuminated at another incidence angle. A one. 
parameter technique, specular reflectance measure. 
ment at one set of geometric conditions, will not 
reveal this incidence-angle dependency of the ap- 
pearance of these specimens. 

More frequently than in the above instance, inad- 
equacy of a one-parameter technique is demonstrated 
when one specimen has a more peaked distributior 
of reflected flux than the other. Even though two 
such specimens may differ markedly in appearance 
the flux reflected from one specimen and accepted 
by the receptor may equal the accepted flux re. 
flected from the other specimen. The instrument 
therefore, will indicate that both specimens hay 
the same gloss in spite of their difference in appear- 
ance. 


4. Two-Parameter Techniques 


A two-parameter monoplane technique would pro- 
vide for two variations of geometry. ASTM Method 
of Test for Mar Resistance of Plasties [11], Designa- 
tion D673-44T, requires a two-parameter instrument 
that measures flux reflected on the specular angle 
45°, and at an angle displaced 15° from the specula: 
angle, namely, 30°. The geometry of that instro- 
ment can be represented as 


i= f[45°,(a@B)] , 
” 
r=g[45° 30° (a’B")|. 

The data obtained by this method are analyzed in 

terms of percentage of gloss thus: Gloss, percent 
LOO[1 — (445, 30/45, 45) 1, the instrument 
reading for the geometry indicated by the subscripts 
Middleton and Mungall [12] deseribed a distinet- 
ness-of-image glossmeter designed to use the maxi 
mum slope of the goniophotometire curve as the gloss 
index of a specimen. This instrument measures 
flux reflected from a specimen at the specular angle, 
45°, and at an angle displaced Aé@ from the speculai 
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angle. The geometry of that instrument can be 


represented as 


i=f[45°,(aB)], 
(6) 
! g\45 45-4 Ad, (a’B’)). 


The instrument analyzes the data thus obtained in 
terms of a index. Gloss index= (G4; 4; 
Ges 45,.40)/40, Where G@ is the instrument reading for 
the geometry indicated by the subscripts. 

For two-parameter glossmeters of the specular 
type the two variations of geometry would be varia- 
tion of the specular angle or variation of the size of 
the receptor aperture. The symbolic representation 
for the geometry of a two-parameter instrument 
designed for measurements at two specular angles 
might be written 


o] SS 
4 ( 


i= f[0,,0.,(aB)], 
r=@|;,02,(a’B")]. 


The geometry for such an instrument is shown in 
figure 2. The symbolic representation for the geom- 
etry of a two-parameter instrument designed for 
measurements with two receptor apertures might be 


i= [0,(a)8;), (a82))], 
(S) 


r=g|0,(a,B;),(a,85)]. 


is shown in 


instrument 


The geometry for such an 
figure 3. 








Figure 2 Geometry of an incidence angle two-paramete? 


glossmeter. 











Geometry of a 


Figure 3 receiver aperture two-paramete) 


glossmetei a 


4.1. Specular Angle 


To illustrate how a two-parameter instrument 
might be used to resolve problems where specular- 
angle dependence is important, two low-gloss speci- 
mens were selected. These specimens appear to 
have nearly equal gloss when viewed at angles ranging 
from perpendicular to about 65°. At angles greater 
than 65° one specimen appears considerably glossier 
than the other. Figure 4 shows plots of fractional 
reflectance, the ratio of flux reflected within a 0.6° 
cone to the incident flux, as a function of angle, d, 
between the viewing direction and that of mirror 
reflection as measured on a monoplane goniophotom- 
eter. The specimens are designated A and B. At 
60° incidence both curves are flat (reflected flux is 
uniformly distributed) with A having a slightly higher 
fractional reflectance. At 80° incidence the curve 
for A remains reasonably flat, whereas that for B 
becomes quite peaked, having a peakedness index of 
182 compared with 1.9 for A. Peakedness index for 
a unimodal curve was shown by Nimeroff [10] to be 
an index of the relative peak to shoulder heights. 

A goniophotometer, arranged for the 60° geometry 
of ASTM Method D523-—53T, [13] was used to meas- 
ure the specular gloss of specimens A and B for 60° 
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hibiting incidence-angle dependency at incidence angles of 60 
and 80°. 
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and 80° incidence. At 60° incidence, the gloss reading 
for A is 6 and for B is 4, whereas at 80° incidence the 
gloss reading for A is 24 and for B is 109. These 
readings show the much stronger incidence-angle 
dependence for B than for A. This dependence is 
not suggested in a measurement of specular eloss 
at 60° incidence alone. 10.+ 

The solution to problems involving incidence-angle 
dependence is obvious. Measure the specular gloss 
at two incidence angles and relate the resulting data. 
The slope of the line joining plotted points of the 
gloss readings for a specimen obtained with two 
































incidence angles may be used as an index of the 8 
dependence of gloss on incidence angle ° , 
. 
4.2. Receptor Aperture as 
Appearance characteristics ascribable to gloss ma 
be classified into three distinet types, either in 
accord with appearance or in accord with flux- 
scattering properties. Appearance wise, the two 
extreme types are image-forming and nonimage iF 
forming; the third type exhibits intermediate charac- 
teristics. Goniophotometric distributions for speci- 
mens of the image-forming type are shown in figure 5. 
These curves are characterized by sharp peaks near 
the specular angle, with scattering at wide angles r 
from the specular. As a considerable amount of 5 4 2 0 -2 -4 “6 Fict 
scattered flux is found at wide angles, these speci- d , degrees glo: 
mens may be called “wide-angle scatterers.” Gonio- | youre 6 Fractional reflectance curves for narrow-an 
photometric distributions for specimens of the non- scaltere 
upage-forming type are shown in figure 6. These eur 
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curves are are characterized by broad peaks with 
very little wide-angle scattering. As the scattering 
is confined to angles near the specular angle, these 
specimens may be called ‘‘narrow-angle scatterers,” 
or “near-specular Goniophotometric 
distributions for specimens of the intermediate type 
are shown in figure These curves are charac- 
terized by peaks broader than those for the wide- 
angle scatterers but narrower than those for the 
narrow-angle scatterers. Such specimens might be 
called “intermediate-angle scatterers.” 

Nimeroff [10] that two parameters 
required to reveal instrumentally the two extreme 
tvpes of specimen appearance due to seattering. 
Figure 8 shows separation of the three types using 
the ASTM 60° specular gloss readings [7] and the 
peakedness Indexes, obtained from analysis of 
goniophotometric curves of the specimens, some of 
which are 6, and 7. 


scatterers.” 


‘ 


showed are 


4, 


shown in figures 5, 


5. Gloss of Transparent Finishes 


Recently a problem arose in correlating the meas- 
ured gloss with the observed appearance of trans- 
parent finishes applied to wood substrates. Diffi- 
culty was encountered in the measurement of the 
gloss of these finishes in that one-parameter tech- 
niques failed to vield data consistent with visual 
evaluation of the glossy appearance. In seeking a 
technique that would correlate with visual evalua- 
26 specimen panels were prepared by the 
Sherwin-Williams Co. and the Grand Rapids Varnish 
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tions. 


Co. Goniophotometric curves of representative 
panels are shown in figures 5, 6, and 7. 

As stated above, a two-parameter technique was 
indicated as a possible solution to this problem. 
The slope of the monoplanar geometric distribution 
might be a useful representation of the gloss. An 
indication of the slope can be obtained from the 
ratio of a reading at the peak to a reading at the 
shoulder of a goniophotometric curve. The large 
receptor aperture used with the 60° geometry of 
ASTM Method D523 provides a measure of the sum 
of the peak and shoulders of the reflected flux dis- 
tribution. A receptor aperture small enough to 
measure only the flux about the peak of a distribu- 
tion was needed to supplement the reading with the 
larger aperture so that the slope of the flux distribu- 
tion of a specimen can be evaluated: 


‘ 
< 


2. 


2G.—G, 
a8; 


, = b 
a8, 


Slope (9) 


where Gg, is the instrument reading for the small 
receptor aperture, @6;, and G, is the instrument 
reading for the large receptor aperture, @6,. The 
small receptor aperture arbitrarily chosen is 6; 


2.0° 4.5 The larger aperture already prescribed 
by Method D523 is a@8,=4.4°11.7°. 


Measurement of the slope by this procedure is 
useful over regions of a curve where the slope is 
constant. As the goniophotometric curves of most 
specimens do not have constant slope, other rela- 
tionships between G, and Gs were sought. Several 
graphical representations of data were considered 

Figure 9 shows specular gloss data taken with the 
large aperture, G,, plotted against data taken with 
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goniophotometric curves were shown earlier. The 
three branches that result are consistent with the 
separation into appearance types, as evidenced by 
the goniophotometric data. As aperture reduction 
stops more flux for narrow-angle scatterers than for 
wide-angle scatterers the data for the former lie in 
the lower branch. The plotted points in each branch 
lie ina sequence consistent with the order of the 
peaks of the goniophotometric curves for the speci- 
mens represented. The curve for a group of inter- 
mediate scatterers lies between those for the extreme 
types. 


Terminal points a and 6 (fig. 10) occur at the 
indicated locations for the following reasons: If a 


receiver aperture is reduced to a size just larger than 
the source image the reading for a perfectly polished 
specimen is not varied because all the flux reflected 
from the surface of a polished specimen will enter 
the receiver if the receiver aperture is larger than 
the source image. Point a represents the specular 
gloss of a specimen of polished glass of index 1.527 
and is plotted at 93.6 on both scales. 

When a receiver aperture is reduced in area the 
glossmeter reading for a perfect diffuser will be re- 
dueed by the ratio of the areas. The glossmeter 
reading of a perfect diffuser for the receiver aperture 
of the 60° geometry of ASTM Method D523 was 
reported by Hammond and Nimeroff [5| to be 2.1. 
As the ratio of large to small receiver entrance 
window is 5.7, point 6 is plotted at G, equal to 2.1 
and G, equal to 0.37 


6. Round-Robin Test 


\ round-robin test was undertaken on 26 speci- 
mens to evaluate data reproducibility, data repeat- 
abilitv, and specimen classification by the two- 
parameter (receptor aperture) method for specular 
By these terms are meant the following 
within laboratory preci- 


cvloss 


1. Data repeatability 


| 


sion): Repetition by each laboratory of data ob- 
tained at that laboratory to within a reasonably 
small tolerance. , 

2. Data reproducibility (between laboratory Vari- 
ability): Reproduction by each laboratory of daty 
obtained by the other laboratories to within tl 
reasonably small tolerance. 

3. Specimen Classification: The existence of a: 
least three classes of gloss characteristics that can 
be distinguished by a two-parameter gloss technique 


6.1. Analysis of Round-Robin Data 


The data resulting from the round-robin are showy 
in table 1. 

To test repeatability and reproducibility we select 
a suitable mathematical model. The model 
here for the measurement of the ith specimen in the 


used 


jth laboratory is 


y t,+L,+;;, (10 


where y,,; is the measurement, f, is the population, o 
“true,” value of the measurement, L; is a random 
variable having an average value of zero and variance 
oj, Which reflects the variability between labora- 
tories, and ¢€,; isa random variable having an average 
value of zero and variance o?, which reflects the pre- 
cision for laboratory /. 


a. Repeatability 


A duplicate measurement is denoted by a prime, 
as y Then the difference between duplicate 
measurements Is a quantity d,,, thus 


d y Y, € e, (10a 


having an average value of zero and variance 2¢ 
Thus if there is no reason to believe that the within- 
laboratory error varies with the different specimens 
the variance o of each laboratory for the 26 speci- 
mens can be estimated by means of the equation. 


22 >> .d? d; +. . +d; 7 
2n 52 


Systematic errors in duplicate measurements of G, 
by laboratories 2 and 5 and of Gs by laboratory 2 
were detected and eliminated from the estimates of 
precision for the determinations. Systematic errors 
in duplicate measurements for a laboratory are those 
in Which d,, is the same sign for all or most specimens 
This error is evident when the average value for all 
specimens differs appreciably from zero. The results 
for each Inboratory are given in table 2. 

The variance of the within-laboratory data 
the same order of magnitude for all laboratories when 
systematic errors are eliminated from the estimates 
of variance. The average variance, s*, within 
laboratories is 0.217 for G, when s? is eliminated, 
and 0.212 for Gs when s3 is eliminated. Thus re- 
peatability for G, is approximately equal to that 
and Gy, and both variances are reasonably small. 


Is of 
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TABI 


eacl 
cate 





ob. 


bly 


TABLE l. 


Data for round-robin test 


Gx for laboratory Gs for laboratory 
. Spec 
irl- men 
ata l 2 3 1 6 7 l 2 3 { ; 6 7 
HT 
, ( 9.7 ”) xg 00.0 00.0 xu SS. 4 79.4 77.3 77.0 79.0 81.0 83.3 73.1 
1 WO. 4 OO. 6 00.0 on) y2 80.3 89. 1 gi). 2 79.1 79.2 79 84.2 72.4 
at 14 «|f 88.5 S61 87. 8S 91 86.7 86.8 74.3 71.1 83. 1 81 77 84.5 81.5 
; | 87.5 SS. 5S 8S. SY v2 85.0 87.5 75.8 79.8 84.5 x2 86H. 5 80.9 
Pan : { 83.8 83. 3 82.2 M4 st 83.9 80. 4 79.1 77.8 76. 2 77 78 77.0 73.7 
ule a | SS. 6 4.1 83. 0 S33 87 MM 80.9 79.3 79.5 76.1 77 7&8 73.1 
7 { 84.6 “4 4.4 85 SN 85.0 81.9 82.6 82.7 83. 2 82 SI] 78.4 76. 5 
7 1 85.5 s 85. 0 85 SS 85.1 82.1 82.9 82.3 83.1 82 77.6 76.6 
, { 73.6 73. ¢ 73. 1 73 74 76.0 6U_8 (6.3 65, 2 i, 2 67 66 60.1 59. 5 
1 74.0 } 73.8 73 75 76. 2 70.3 66.9 66.5 66.4 HH 8.0 0.3 
W) 34 { 75.6 s 76.0 76 si) 77.8 71.3 73.1 72.9 73.7 74 72 71.4 66,2 
| 76.0 7 76.0 7H S2 77.8 71.7 73. 4 74.1 72.3 74 70. 2 4.6 
P i 70.8 69.6 68.2 6S 67 70. 5 67.9 19.2 417.0 44.5 5 1 45.2 41.9 
—_ 1 71.4 71.6 6s. 1 6s 67 70.8 68.2 KO. 2 48.1 4.9 4} 45.8 41.6 
O¢ , 69.5 HS. 65.7 i 4 71.3 66.5 53.4 50.8 1.9 5l 2 45.5 16.9 
ec aA { 69.8 64. 6 66.3 66 4 70.7 66.9 53.3 M.0 1 WO 46.5 46. 7 
f 63.7 2. ¢ 61.3 62 fi2 63.0 59. 4 10.6 38.9 $7.6 38 42 37.5 33.6 
he | 63.8 63.0 62.4 62 4 62.7 9. 5 10.3 40.6 37.6 39 37.9 33.2 
60.4 Tie 60.1 wo HO SUS 5. 6 38. 5 $5.3 37.2 3s 1 $5.1 29.8 
\ 1 60.5 60.0 HO. 5 60 63 0. 4 0 38 {7_8 37.8 38 2 29.5 
} 18.6 19. 2 Is. 1 1v 21 21.4 14. ¢ 8. 2 9.2 7.8 S.6 S.3 ¥.6 4.4 
0 : 1 18.6 19 18.1 Is 23 21.2 14 8.3 9.5 7.8 8.3 9.7 1.3 
6A 16.0 16.2 15.4 15 1Y 19.7 11.7 7.3 s.0 6.7 7.4 7.2 Ss. 6 3.5 
1 15.9 lt 15.8 1h 20 1s. 4 11.9 7.3 8.3 6.5 7.3 8.7 3.4 
a) - 41.8 il 39. 5 4] 1) 41.6 3) 19.0 19.3 17.5 19 20 19.0 12.9 
| 41.8 12.1 40.7 41 4! 41.4 36.8 19.0 20. 2 17.2 19 18.9 12.9 
nN) . / 40.3 10. 4 39.3 10 41 41.9 35.6 19.9 20. 4 19.0 20 1 20. 4 14.1 
en oA 1 40.5 1) 10.3 1) 13 12.0 35.7 19.8 21.0 19.0 19 20.2 14.0 
s ) 17.1 18.8 17.9 17 22 20.9 13.7 7.4 9.1 7.9 7.6 7.7 8.3 3.9 
a- t 22.7 19 17.8 1S 23 20.0 13.6 7.7 9.1 7.4 8.2 9.4 3.8 
ir ¢ ) " ) ” “ ) , - ‘ ) ) 7 ¢ 
~ 84 21.0 24.1 24.1 2% 20 i 17.6 11.3 14.9 13.2 13 1 13.8 7.9 
. \ 22 24.5 22. 0) 23 20 20. | li 12. 4 14.6 12.1 14 15.0 4.6 
) 24.3 29.7 28. 2 2u 30 29.9 24.4 10.9 11.8 ¥.Y 11 12 11.9 6.3 
20.4 u.S ys. 2u $1 30.0 24 11.8 12.2 9.7 1] 11.9 6.2 
GA } oh. 2 2.4 20. 2 2h 7 2.0 21.4 4.6 10.4 s.4 ¥S 9.7 11.0 5.4 
2H. 1 2th. t 20.2 2th 2s 21.2 21.5 ¥.6 10.6 8.5 9.7 10.7 5.3 
» 44 7.¢ sf V0 u4 5.1 1s > 4 1.4 1Y 1Y , ee o0 
10 s 4 79 Rt 10.0 9 3 5 1 1s 9 5 14 1.9 2 8 0.0 
, 1.4 s 0 Hs 4.4 x 0 s 4 10 1.6 2.2 1.4 LY 1.6 2.6 oO.0 
PS VA 7 4 s 6.8 7 4 8.0 s4 10 1.6 2.2 1.3 1.8 2.6 0.0 
if : 7u r 76. € ri 76 75.6 70.7 70.4 67.2 71.1 67 68 18.0 16.9 
ati 79 7 78.8 76 7 75.3 70.8 70.7 70.7 70.1 67 46.7 18.3 
' 82.7 | 82.4 | 832 | 82 Si) 84.8 77.6 76.3 | 75.0 | 7%2 76 7 75.3 | 68.0 
" 83.7 s 83.3 Xs M 85.0 78.3 78.0 77.2 78.2 76 77.1 68.1 
‘ ; t . 5Y. 3 0 0 Hl. 1 ‘4.4 40. ¢ 43.3 43.2 14 4; 5.0 37.6 
~— H2. s 58. 7 60 4 61.6 4.6 18.7 44.4 43.1 15 4.4 37.0 
G4 iz. ¢ ti4 67.4 67 70 69.8 61.6 7.8 53.6 7.8 54 7 59.0 49.0 
- fiz. t ith. 68.3 th 74 68. 6 2.4 7.7 6.3 7.2 4 8. 6 47.4 
; 8 x 9 79.2 74 st) 79.1 73.0 64.1 9. 7 64. 2 64 67 54.6 52. 5 
. iu s au 7u st) 78.4 73.7 65.4 63.4 4.5 4 55. A 42.3 
|- 
3 2 5S ‘ 58.7 3. 2 2 0 32.5 24 3 32 ; 30.7 25.0 
, Cat 4 ‘ { 58 ; sk 4 3 7 32.0) a3 «5 20. 3] 30.8 24.7 
lapin 2. Variance of laboratories for Gy, and Gs determinations | where oj, is the variability between laboratories and 
oe ; , : ° pact : 
|g? is the variance within laboratories. The varia- 
| one ° " ° _ . y 
bilitv between laboratories for G, is 2.07 and for Gs 
- am * 
Labora is 2.21. This analysis may be represented thus: 
| : v 
” 1 4 ’ 
2 0) ~~ o*((r,) o* (Gg) 
; 174 
{ 4 144 a 
“4 
| 152 30 Variance of a laboratory average of 
; OS ISS two readings 2. 18 2. 21 
Variance of 6 laboratories average 0. 36 0. 37 


b, 


Reproducibility 


This analysis shows that the reproducibility ol 
G, and Gs, is approximately equal and the variance 
in both is reasonably small for the average of 6 
laboratories, but is somewhat large for 1 laboratory 
average of 2 duplicate readings. 


The variance for 
each laboratory 


cate readings 


the average of six laboratories, 
result being made up of two dupli- 


Is 
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c. Specimen Classification 


The data shown in figure 9 are the arithmetic mean 
values of readings obtained with the small aperture, 
Gs, plotted against arithmetic mean values of read- 
ings obtained with the large aperture, G,. Because 
the errors in readings for G, and Gs, are correlated, 
simple functions of G, and Gs are desired in which 
the errors are uncorrelated. These statistically un- 
correlated functions would be useful for the final 
discrimination of gloss characteristics, that are, how- 
ever, functionally related. Two simple functions, 
which seem to work well, are the sums, S, and dif- 
ferences, D): 


If only the determinations G, and Gg, are used for 
discrimination, the statistical correlations between 
them may obscure the discrimination between dif- 
ferent gloss characteristics. Use of Sand )) accentu- 
ates the ability to discriminate gloss characteristics. 

The fact that Sand PD are statistically uncorrelated 
can be demonstrated by the following simple argu- 
ment. The correlation between S and /) is given [14 
by 

o(S, D)=E\(S—S)\(D—D)|/e(S)o(D), (12 
where / is read as ‘‘the expected value of; S and D 
are the mean values of S and J), respectively. When 
G,, + Gs is substituted for S and G,— Gs, is substituted 
for D in eq (12), the following expression for the 
correlation between S and J) results: 


a*(G,) o~ Ge) 


> SD 
, 0 S la( DD) 


l2a 


Experimental results. discussed above. indicate that 


the variances, o7(G,) and o7(Gs) are equal. Thus 


oS, D)=0 


Figure 10 shows a plot of the J) versus S values 
for the data of figure 9. 


7. Two-Parameter Method and Subjective 
Evaluation 


The two-parameter (receptor aperture method 
was found to correlate with goniophotometrice curve 
evaluation in that three groups are established by 
both methods, each containing essentially the same 
specimens In essentially the same order see figs ‘ 
and 10 Correlation between subjective and instru- 
mental evaluation is required to esablish firmly the 
utility of the two-parameter method 
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7.1. Image Distinctness and Constant Image 
Brightness 


A test was arranged to determine whether imag 
distinetness could be evaluated as the two-parameter 
method evaluates it, when variation in brightness js 
minimized. Twelve sets of three specimens, each se+ 
of approximately equal brightness (@, 
from the 26 specimens and presented to the observers 

The source was a bank of fluorescent lamps. The 
standards were placed on a table so that images of 
the lamps were reflected at a specular angle of ap- 
proximately 60 The observers were asked to 
arrange the specimens in order of image distinctness 
indicating ties where necessary. The selected sets 
of three specimens are listed in table 3, togethe 
with the corresponding G, values. Image distinet- 
ness in each set of triplets increased from left to 
right and are given numbers 1, 2, and 3, respectively 
In set 11, specimens 3 and 3A are from the same 
family of image distinctness and are both ranked 2.5 
Similarly, specimens 4A and G3 of set 12 are ranked 


> £ 


) were selected 


FABLE 3 Sets of three specimens for evaluation of ] 
constant Gy 
s Specimens ( | 1 ( 
l (72 JA “ sf “ 
2 1A 2 2A ss 4 st 
; (i 2 2A , “4 “ 
j ( Gil ‘ ’ { 
(j (32 tA S 
ty (1 BA 7 
{ Gil tA 69 - - 
‘ { Qi ‘ j 
’ j (4 ; His { 
\ t sA a i 
( ; SA ' 
2 1A (3 


Image distinetnes nereases from left te ght 


n numbers 1 4, respec 


same image fan 


Same image tar 


The results of this test are listed in table 4. As 
a measure of agreement between ranking given by 
the m judges and ranking assigned by G. of the 
two-parameter method, an average of m rank cor- 
relations was determined. The Spearman rank cor- 
relation coefficient was used, and the average ts 
indicated by Ry. If CX,, XY, Vy) is the assigned 
ranking of three objects and ()',, Vie. ¥ for 1=1 
to m, are the rankings given by the m judges, then, 


Mi 1 


B=, 4 SYN v2} 
Ll J ; _— y 
He {X (Sr, )-am be as 


The results of the computation of fs for these speci- 
mens show quite good agreement between the 


signed and the given rankings. 


us- 


To 
refere 
Ipon, 
was U 


where 


The 
table 
the ji 
Wi 
brigh 
evalu 
with 
meth 
nique 
brigh 





TABLE 4 


S DBI WAH K LK MAIB LEB 
12 ; 2 2 ; 23 12 

) 12 2 P 4 l l ; 123 123 

: 1 2 2 2 2 $ 123 123 

r ! 2 ; 12 123 

f 2 2 12 132 

‘ 2 2 l 2 ; 12s 123 

21 2 2 23 123 

® - - 2 5 123 123 

) 2 y } 123 123 

2 2 P 4 l 12 213 

Ps Pe - 2 123 132 

2 2 2 ; 12a .ea 


To measure the agreement among judges without 
reference to the of what thev agree 
Ipon, Kendall’s coefficient of concordance [15], W, 


“correctness 


was used. 


1250 (>i ij—20): 
a} , 14) 
2400 o>) f t.) 


ynere 


0 for no ties 
f 2? for two specimens tied 
3 for three specimens tied. 


are listed im 
These results show a high concordance among 


The results of the computation of WW 
table 5 
the judges for the 1? sets selected. 

We may therefore conclude that, where the image 
brightness range is not Image 
evaluated by the two-parameter method in accord 
with subjective evaluation. Thus the two-parameter 
method ay be considered to be a successful tech- 
ique for evaluating image distinctness when image 


brightness Is relatively constant. 


creat, distinetness Is 


LABLI 5 Veasure of agreement among judges Kendall's 
oe ff ) mecordance, VV 
a! 
- 


8. Summary 


A complet 


Hany specimen requires multiparameter data, ob 


, description of the eloss characteristics 


tained on either a multiolane or a monoplane gonio 
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Rank ings of triplets by 10 judge S 


MAB HKH IN MZ IRR A verage Rs 
ranking 

12 } i2 $ 123 132 l 2 3 123 0. 95 
12 2 12 2 ize 123 l 2.5 2.5 123 bata 
12 3 12.52 123 123 l 2 3 123 5 
t a. 12 $ 123 123 l 2 3 123 1.00 
12 5 12 $ 123 132 l 2 3 123 0.85 
12 5 2 $ 123 123 l 2 3 123 1.00 
12 ; 12 3 123 123 l 2 3 123 0. 9 
12 ] 12 3 123 123 l 2 3 123 1.00 
12 } 12 3 123 123 l 2 3 123 1.00 
12 $ 12 $ 123 213 l 1.53 123 0. 78 
12 $ id @3 132 132 l 2.5 2.5 132 65 
12 22 y 4 123 213 151 5 123 SS 


photometer. For reasons of economy simpler tech 
niques are sought that can adequately describe the 
gloss characteristics of any specimen. The simplest 
method, using one parameter, does not always pro- 
vide a sufficient description. 

Two-parameter gloss methods provide more ade- 
quate description of the gloss of specimens than do 
one-parameter methods. A two-parameter tech- 
nique emploving specular reflection measurement for 
two incidence angles reveal specimen incidence-angle 
dependency. A gloss index may state the difference 
of specular reflectance for a difference of specular 
angle, dG/dé@. 

A two-parameter technique employing specular 
reflection measurement with a large and a small re- 
ceptor aperture will reveal the existence of more than 
one gloss type A specification may state the ranges 
of G, and Gs, or S and D, thereby indicating the de- 
sired surface-appearance type. 


The author thanks M. Zelen and Joan R. Rosen- 
blatt for advice and assistance in the analvsis of the 
round-robin data and the subjective evaluations, and 
W. A. Hall for assistance in this investigation. 
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Glassy State Transitions of Poly-(Chlorotrifluoroethylene), 
Poly-(Vinylidene Fluoride), and Their Copolymers ' 


L. Mandelkern, G. M. Martin, and F. A. Quinn, Jr. 


The glass transition temperatures, 7, 
dene fluoride) 
dilatometric 


, of poly-(chlorotrifluoroethylene), poly-(vinyli- 
, and copolymers prepared from these two comonomers were determined using 
and interferometric methods. The glass temperature of poly-(chlorotrifluoro- 


ethylene) was found to be at 45° C, an upper limit for the glass temperature of poly-(vinyl- 
idene fluoride) was set at 35° C, and the glass temperatures for the copolymers were 
between the values for the two homopolymers. 


These results are found to substantiate the recent theoretical deductions of Fox and 
Loshaek relating the glass temperature of a copolymer to its composition, and indicate 
that the glass temperature of a copolymer is a monotonic function of its composition. The 
effect of crystallization of a copolymer on the location of its glass temperature is illustrated 
and the various contradictory results of this effect that have been reported are discussed. 


1. Introduction 


It is well recognized [1]* that the glass transfor- 
mation temperature, 7,, of a polymer is an important 
constant that characterizes the material. This 
temperature can serve as a convenient reference 
point in delineating the physical and mechanical 
properties of polymeric systems. For completely 


morphous polymers rubberlike behavior will be 
observed above the glass temperature, whereas 
below this temperature the polymer will become 
hard and inelastic, and will embrittle very easily. 


\lthough many polymers are capable of undergoing 
crystallization they rarely attain complete crystal- 
linity, and the amorphous or liquid-like regions of 
such systems can undergo vitrification. The 
effect of vitrification on the physical properties of 
polymers of this type cannot be as clearly described 
isin the case of the completely amorphous polymers. 
The glass temperature in polymeric systems can be 
located by the abrupt changes that occur in its 
physical and mechanical properties as the tempera- 
ture is varied, as well as by apparent changes that 
occur in certain thermodynamic quantities such as 
the volume-temperature coefficient or specific heat 


) 


The elucidation of principles to explain the varia- 
tion of thea temperature with the chemical 
nature of the repeating unit of the polymer is one 
f the major objectives of physicochemical research 

this field. Another objective of eg ance 1s 
the eo itive deseription of the way in which 
l, of a given polymer will vary with admin 
lake, with dilution by monomeric liquids, by copol- 
merization, or by branching. Efforts in attainmg 

latter objective have been in part successful 
by use of free volume concepts to deseribe the liquid 
state (3, 4, 5]. On the other hand, no well-defined 
theories exist at present that explain the dependence 
fT, on the chemical nature of the repeating unit. 


also 


glass 





rt t the Office of Quartermaster General, 


racket ' cate th literature references at the end of this paper 


Discussions of this problem in terms of the con- 
figuration of the polymer chain [6, 7, 8] and the in- 
teraction energies between chains [6, 7] have been 
made. The development of such principles would, 
of course, be extremely helpful in the search for 
polymers having specific properties in a given tem- 
perature interval. As an gid in achieving this goal 
it is important to have available the values of 7, 
for polymers of widely differing chemical natures. 
Although such information is rey | available for 
a large variety of polymers [3, 4, 5, 6, 7, 9], reliable 
information for 7, of the Added, newer fluorine- 
containing polymers is either lacking or obscure. 
The more common polymers of this type, poly- 
(tetrafluoroethylene), poly-(chlorotrifluoroethylene ) 
and poly-(vinylidene fluoride), usually occur in the 
partially crystalline state, a fact that in itself makes 
the determination of 7, more difficult. An addi- 
tional complication that occurs in the study of poly- 
mers of this type is the fact that rotational disorder- 
ing may occur in the crystalline state. Such a 
transition has already been observed for poly-(tetra- 
fluoroethylene) [10, 11] and is also suspected to 
occur in poly-(chlorotrifluoroethylene) [12]. A tran- 
sition of this type will make difficult the unambigu- 
ous determination of 7, as these transitions also 
manifest themselves by changes in both the mechan- 
ical and thermodynamic properties of the polymer. 
The complications that can occur in the determi- 
nation of 7, are clearly indicated in the case of poly- 
(chlorotrifluoroethylene). Attempts to determine 
the glass temperature of this polymer have been 
made by many investigators [6, 7, 13, 14] using var- 
ious techniques, and values ranging from —120° to 
+ 50° C have been assigned. Recently, Tobolsky 
and McLaughlin [15], by assuming that 7, for this 
polymer occurs approximately at room temperature, 
were able to explain their measurements of stress- 
relaxation as a function of temperature. The wide 
divergence in values of 7, that have been reported 
for this polymer is rather unusual and is undoubtedly 
due to the effect of crystallinity. It would thus ap- 
pear highly desirable that an effort be made to 
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obtain a reliable value of A for this polymer. To 
accomplish this methods must be devised by which 
the amount of crystallinity is substantially reduced 
so that the crystalline portions do not obscure the 
experimental observations. 

In the case of poly-(chlorotrifluoroethylene) the 
reduction in the degree of ery stallinity can be accom- 
plished by at least two methods. As Kaufman [16) 
has previously indicated, by an appropriate thermal 
treatment the amount of crystallinity in the homo- 
polymer can be substantially reduced and the homo- 
polymer can thus be studied in this state. Another 
method that can be used is to study the glass tem- 
peratures of suitable copolymers over a wide range 
of compositions. Copolymerization inevitably re- 
duces the amount of erystallinity, and 7, for the 
homopolymers can deduced by appropriate 
theoretical considerations {17}. 

The present paper describes dilatometric and in- 
terferometric experiments that lead to the determi- 
nation of 7, of poly-(chlorotrifluoroethyvlene), polvy- 
(vinylidene fluoride), and copolymers prepared from 
these two comonomers. By using an appropriate 
thermal treatment prior to the mitiation of observa- 
tions an unambiguous determination of the glass 
temperature of poly-(chlorotrifluoroethylene) can be 
made. The value assigned is substantiated by the 
studies on the copolymers, and these studies also 
lead to the assignment of an approximate value of 
T, for poly-(vinvlidene fluoride No suitable ther- 
mal treatment could be devised to reduce the amount 
of crystallinity for this latter polymer so that studies 
of the homopolymer itself are not too conclusive. 


be 


2. Experimental Procedure 
2.1. Materials 


The samples of poly- chlorotrifluoroethvlene and 
the copolymers of chlorotrifluoroethvlene and vi- 
nvlidene fluoride were kindly supplied to us by the 
M. W. Kellogg Co., who also determined the co- 
polymer compositions by chemical analyses. Vinvli- 
dene fluoride was polymerized in a sealed tube under 
the influence of gamma-ray irradiation... The poly- 
mers were molded at elevated temperatures into 
rectangular sheets about 3 mm thick. Exploratory 
dilatometric measurements indicated the 
of volatile material in all the polymers so that prior 
to the initiation of the length-temperature of volume- 
temperature measurements the samples were heated 
in a Vacuum at 110° C for about 24 hours 


presence 


2.2. Procedures 


The volume-temperature measurements were made 
with volume dilatometers, using mercury as a con- 
fining fluid. The dilatometers that were anc 
the experimental procedures have alread, been de- 


used 


scribed [18, 19]. The length-temperature measure- 
ments were made using the automatic recording 
LD. M D 
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interferometer developed by Work 120|. The ah. 
solute densities of the samples were obtained by th 
method of hydrostatic weighing [21] wy 
the flotation liquid. 


USINZ Water gs 


3. Discussion and Results 
3.1. Homopolymers 


Volume-temperature and length-temperature me 
urements were made on the molded specimens 
of polv-(chlorotrifluoroethyvlene), using dilatometry 
and interferometric methods. Prior to the initiatig) 
of these studies, the samples to be investigate 
were wrapped in gold foil, heated for 30 minutes jn , 
nitrogen atmosphere at 275° C, and quickly trans. 
ferred to an ice-water mixture. The X-ray diffrge. 
tion patterns of specimens that are treated in this 
manner indicate that the amount of crystallinity js 
substantially However, a small byt 
well-defined peak still persists at a Bragg Spacing of 
5.5 A, which ts the major spacing characteristic oj 
this polymer [16]. Reproducible dilatometric re. 
sults are obtained when the samples are conditione 
in this manner and, if the temperature of obseryg. 
tion does not exceed 110° C, no further ervstallize. 
tion occurs. . 

The dilatometric measurements extended oy 
the temperature interval from —30° to +1109 ( 
and in this range the observations were reproducibh 
and independent of whether thes were made on 
heating or cooling evcle. Above 110° C the volume- 
temperature relations were no longer reproducibl 
due to ervstallization and decomposition. Th 
dilatometric results for  poly-(chlorotrifluoroethy- 
lene) in. this reproducible temperature range ar 
plotted in figure 1. The data are well represented 
by two straight lines that intersect at +45° C and 
indicate a temperature at this point. Th 
volume-temperature coefficient below this tempera- 
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as- 


decreased. 


glass 


ture is 1“ 107' em’ 2 C-! which char- 
x s 
> 
Ld — 
a 
— 4 _ 
* 
* oad 
* 
a 
J Aa 
o 
> | 
: ail 
a 
« - 
— «a = 
« 
_ 
= « ot 
« 
« 
= 
oe - 
r * 
> 
»* 
' 
ki Rt I S pe fie 0 fempera ) ; po I 
ff pelt 


acter 
tempt 
This 
47 
the li 
The 
expall 
tion O 
ature 
exists 
tempt 
The | 
meast 
made 
terpre 
mech: 
also i 
Redil 
polvn 
the \ 
curvil 
woul 
Le! 
a tem 
also | 
meth 
Cisa 
The | 
class 
s dee 
decre 
glass) 
heate 
by al 
liquid 
durin 
ho in 
temp 
Beeat 
this ¢ 
indue 
reliev 
the ¢ 
repor 
as th 
Th 
fluor 
room 
a dil 
temp 
at al 
temp 
mina 
of th 
situa’ 
quate 
subst 
neces 
perat 
(rvst 
indie: 
LON « 


le ab. 
Dy the 
iter as 


Meas. 
IMens 
Netri 
latio) 
fate 
Sina 
trans- 
iffrae- 
1 this 
ity is 
but 
ng of 
tic of 
Cc r 
loner 
erva- 
lliza- 


Ove 
ia 
eibl 
on 
ume- 
cibl 
Th 
‘thy- 
are 
nited 
and 
Th 
eT a- 


‘har- 


gcteristl of the glass) state, whereas above 

temperature this quantity Is 2X10-* cm’ go . 
This latter coefficient than the value of 
47X10 that has been recently reported [22] for 
the liquid polymer above its melting temperature. 
The differences in the value of the two liquid-like 
expansion coefficients may be due to the contribu- 
tion of the ervstalline regions to the volume-temper- 
ature coefficient above 7, The possibility also 
oxists that the liquidus is not linear from the melting 


this 


is less 


temperature, about 220° C, to the vlass temperature. 
The location of ie at 45° OC by these dilatometric 
measurements gives credence to the assumption 


made by Tobolsky and McLaughlin [15] in their in- 
terpretation of the temperature dependence of the 
mechanical properties of this polvmer. This value 
also agrees with that which has been attributed to 
Reding |7 If the amount of crystallinity of this 
polymer had not been substantially reduced, then 
the volume-temperature plot would be a gradually 
curving one in. this temperature interval, and 7, 
would not have been detected by these methods. 

Length-temperature measurements, encompassing 
a temperature range from ISO 100° C, were 
also made on this polymer, using interferometric 
methods. A liquid-to-glass transformation at +45 
Cis also indicated by this technique of measurement. 
The length-temperature coefficient is linear from the 
class temperature to 60° C, but as the temperature 
s decreased further, this coefficient also gradually 
decreases in a manner typical of materials in the 
state [25] When the polymer is initially 
heated in the interferometer its thickness increases 
by about 1 percent in going from the glassy to the 
liquid state. This change in thickness is irreversible 
during subsequent cooling and heating eveles, and 
no increase in volume is observed at a corresponding 
temperature by the dilatometrie measurements. 
Because these samples were compression molded, 
this effect could be caused by the faet that strains 
nduced in the system by the molding process are 
relieved by the increase in segmental mobility above 
temperature. Similar results have been 
reported for the relief of strains in inorganic glasses 
as they transform to the liquid state [24]. 

The X-ray diffraction pattern for poly-(vinvlidene 
fluoride) indicates that it is highly crystalline at 
room temperature. When this polymer is heated in 
a dilatometer in an effort to determine its melting 
lemperature, excessive decomposition starts to occur 
at about 160° C, which is well below its melting 
lemperature This phenomenon precludes the deter- 
mination or estimation of the melting temperature 
of this polymer, and as a result, in contrast to the 
situation for polv-(chlorotrifluoroethvlene), no ade- 
quate thermal treatment could be devised to reduce 
substantially the crystallinity content. Thus, by 
hecessity, the length-temperature and volume-tem- 
perature measurements had to be made on the highly 
crystalline polymer, which, as has been previously 
indicated, verv undesirable for the determina- 
tion of 7’. . 


to 


glass\ 


the glass 


Is 


| Length-temperature measurements were made in 
the range —185° to +30° C. Reliable dilatometric 
data, however, could only be obtained in the tem- 
perature interval —30° to +110° C. The results of 
the interferometric measurements are given In figure 
2, where the expansion is plotted as a function of 
temperature. There is a definite linear portion to 
this plot that extends from —35° to +30° C and 
corresponds to a volume-temperature coefficient of 
2.1107! em’ g-! °C~', a value that is corroborated 
by the dilatometric data. This value seems to be 
tvpical of the volume-temperature coefficient above 
7, for this class of semicrystalline polymers. The 
gradual curvature of the plot in figure 2 below 
35° C makes difficult the accurate determination 
of a glass temperature solely from these data. As 
measurements of the temperature dependence of the 
mechanical properties of this polvmer have not been 
reported, we can deduce only that —35° C appears 
to be an upper limit for ‘ts glass temperature. As 
we shall see in the subsequent discussion, this value 
of 7, is consistent with the 7,’s determined for the 
copolymers. 
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3.2. Copolymers 


The glass temperatures of a series of copolymers 
prepared from chlorotrifluoroethylene and vinylidene 
fluoride were determined, again using both dilato- 
metric and interferometric techniques. The compo- 
sition of the copolymers studied ranged from 0.44 to 
0.85 for the weight fraction, w,, of the chlorotrifluoro- 
ethylene component. A typical plot of the expansion 
as a function of temperature for the copolymers con- 
taining 46 and 60 percent of chlorotrifluoroethylene, 
respectively, is given in figure 3, whereas curve B of 
figure 6 is a plot of the specific volume as a function 
of temperature of the copolymers whose composition 
is given by w,=0.85. The glass temperatures of all 
the copolymers studied are summarized in table 1. 


TABLE 1. Glass temperatures of copolymers of chlorotrifluoro- 
ethylene and vinylidene fluoride of various compositions * 


‘ T, 
( 
O85 +2 
4 2 
LP i 5 
tt) 15 
13 » 
° wy weight fraction of 


chlorotrifluoroethylene 


The crystallization behavior of the copolymers in 
the temperature interval of interest depends on com- 
position, so that care must be exercised in the inter- 
pretation of the data in table 1 because it might be 
expected that 7, for a copolymer will depend on the 
amount of crystallization. The copolymers contain- 


ing about 60 percent of chlorotrifluoroethylene de 
not crystallize. Thus 7, for copolymers of this 
composition could be unambiguously determined, ay¢ 
the value given in table 1 is for the amorphous 
polymers. Copolymers of this composition haye , 
glass temperature slightly below 0° C and henge, 
have little utility as elastomers below this tempera. 
ture. 

The copolymer having a composition specified }y 
w,=0.85, though erystallizable, could be quenched 
and maintained amorphous through the glass-trans. 
formation range. The value of 7, given in table | 
is that for the amorphous polymer. The effect oj 
crystallization on 7, for this copolymer is discussed 
in a subsequent section. The values of 7, given fo 
the polymers containing the higher amounts oj 
vinylidene fluoride are for the polymers in the semi- 
crystalline state because they could neither be melted 
nor adequately quenched. The glass temperatures 
for the copolymers range from + 20° to —20° C and 
are in qualitative agreement with the value deter- 
mined for poly-(chlorotrifluoroethylene) and thy 
upper limit that has been estimated for poly-(vinyli- 
dene fluoride). 

From theoretical considerations, Fox and Loshaek 
[17] have developed quantitative relations between 
the glass temperatures of a copolymer of specified 
composition and the glass temperature of each of the 
homopolymers derived from the respective comono- 
mers. The free-volume concepts, which have been 
successful in predicting the dependence of glass tem- 
perature on molecular weight [3] and the effect of 
crosslinking [4], have been extended by these in- 
vestigators to copolymer systems. A brief outlin 
of their considerations is given in the following para- 
graphs, and their theoretical results are applied to 
the experimental data reported here. 

At a reference temperature in the liquid state the 
specific volume of a polymer is considered to b 
composed of two parts, the occupied volume and the 
free volume. The occupied volume represents a 
closely packed liquid structure. For simplicity In 
the subsequent analyses, it is assumed that the 
specific volume and occupied volume of a copolymer 
are additive functions of each of its components 
Thus for the specific volume, V, of the copolymer, 
we write 

V=w, (1+ We rr, 
where 7, and 7, are the specific volumes of the two 
corresponding homopolymers, and w, and wy are the 
respective weight fractions of the two components 
The dependence of the occupied volume on copolyme! 
composition can be expressed in a manner similar to 
eq (1), and as a consequence the free volume of the 
copolymer becomes an additive function of compost 
tion. 

Various criteria for glass formation can be con- 
sidered. However, Williams, Landel, and Ferry [25] 
have concluded from an analysis of the temperature 
dependence of the viscosity-temperature coefficient 
of a variety of glass forming liquids that glass for- 
mation occurs when the ratio of the free volume to 
specific volume reaches a critical and constant value 
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independent of the nature of the liquid. We thus 
assume that at 7, for each of the homopolymers and 
of the « -opolymers the ratio of the free volume to 
wific volume is a constant designated as k; accord- 


spt ‘ 
Landel, and Ferry [25], & is equal 


ing to illiams, 
to 0.02: 
U tilizing these assumptions, the result is obtained 


that * 


[1/(w,-+ Rw. || a T, + 979. 


1 . 2” 


where 


R [(a@z., a,* key.) (ay a,* key Te, T,,). (3) 
is the glass temperature of the copoly- 


are the glass 


In eq (2), 7,1 
mer of composition w,, 7,, and 7, 
temperatures of the respective homopolymers, and 
the @,’s represent their volume-temperature coeffi- 
cients in the liquid state and the a*’s the correspond- 
ing coe flicient for their occupied volumes. Equation 
2) is similar in form to an equation previously 
derived by Gordon and Taylor [26]. Because it ts 
difficult to express a* in terms of any of the measured 
volume-te mperature coe fficients, R is best considered 
parameter in eq (2). For the special 
eq (2) reduces to the simple rela- 


an arbitrary 
ease where R=1, 
tion that 


] 7, wy vn - Wes on (4 


Because 7, for poly-(vinylidene fluoride) has only 
been estimated, the best way of comparing the 
experimental results of this paper with the conclu- 
sions of eq (2) would be to calculate theoretical 
curves for different values of R and 7, for this poly- 
mer. In figure 4 the experimenta! results are 
represented by the solid circles and the theoretical 
curves, which best fit the data, are also given. In 
this plot curves A and B represent the simplest case 


where R=1 and 7, for poly-(vinylidene fluoride) 
has the values —50° C and 60° C, respectively. 
For curve C, R=1.5 and T, 40° C, whereas 
curve D represents the situation where R=1.2 and 
ie 50° C. No reasonable theoretical curves 
could be drawn when the glass temperature of 
poly-(vinylidene fluoride) was assigned a value 
greater than —40° C. From the representation in 


figure 4 we can conclude that the results for the 
chlorotrifluoroethylene-vinylidene fluoride copoly- 
mer system are quantitatively consistent with the 
theoretical considerations of Fox and Loshaek [17]. 
However, due to the facts that values for 7, are not 
available for copolymers containing less than 45 
percent trifluorochloroethvlene and that there is 
uncertainty in the value of 7, for poly-(vinylidene 
fluoride), these data alone could not serve as a sub- 
stantiation of eq (2). 

Experimental verification of eq (2) was obtained 
by Fox and Loshaek [17], who determined 7, of 
‘The above derivation of eq (2 


slightly from that originally given by 
lif ire minor and imperceptible 


and the subsequent definition of R differ 
Fox and Loshaek [17 However, the 


erences when applied to experimental data 
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Solid circles represent experimental results 


series of copolymers that were derived from a variety 
of comonomers and covered a wide composition 
range. Excellent agreement was found between the 
experimental observations and eq (2), whereas the 
value of the parameter Ff required to fit the data 
did not vary appreciably from unity for the different 
series of copolymers studied. These results substan- 
tiate eq (2) and indicate that 7, for a copolymer is a 
monotonic function of its composition, so that max- 
ima or minima in the 7,-composition curve would 
not be expected. Thus, in an attempt to prepare 
copolymers having low glass temperature, comono- 
mers should be selected whose homopolymers also 
have low glass temperatures. 


3.3. Effect of Crystallization on 
Glass Transformation Temperature 


Polymers in general do not crystallize completely, 
so that the amorphous or liquid- like regions, which 
may in some instances constitute more than half the 
volume of the polymer, are still capable of under- 
going glass transformation. The random introduc- 
tion of nonerystallizing copolymeric units into a 
homopolymer chain that can crystallize will reduce 
further the final amount of crystallinity that can be 
attained. It is of interest to know whether the glass 
temperature is affected by the amount of crystalli- 


141 





with 





zation when the crystallization is induced solely by ~~ T an wetet 
cooling without the application of any external stress. | 7 a 
Contradictory experimental evidence exists as to | an 
whether there are any effects of this type in homo- | 4 | * a 
polymers and no definitive results appear to have | af T 
been reported for copolymers. > | 4 sac, 
Because the composition of the amorphous regions 3 | 
of a homopolymer does not change with ervstalliza- ws WR 
z 


VE 


tion one might expect that the glass temperature { 

would also remain invariant. The results obtained ‘ \ 
by Bekkedahl 19] support this pre mise because, for 
natural rubber, 7, remained constant at 70° C 
irrespective of whether the polymer was partially 


crystalline or completely amorphous. However, the iy iy T 
| adden At Lal 51 
Po ‘ wl , -. 


se 
F 
° 
=... 
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results obtained by Kolb and Izard [27| and by 


Woods [28] for polv-(ethvlene terephthalate), presum- 
ably a homopolymer, are in contradiction to those ' Ly “1 F 
obtained for natural rubber. These investigators 99 90 8 6 14 tf eo. 
found from volume-temperature measurements that 2 8 
the glass temperature of poly-(ethylene terephthal- | pyocres. A, X-ray diffraction pattern of crystalline copdlaus HH] 
ate) increases by about 20 deg after crystallization having composition w,=0.85. B, Same copolymer a 
ensues. A similar effect of the change in 7, with the thermal treatment to reduce amount of crystallinity, 12) J 
amount of crystallinity, using dvnamical mechanical 
methods, was also observed by Woods Thus the T r T T 
experimental evidence for the effect of ervystalliza- 502 
tion on the glass temperature of a homopolymer is 
at present contradictory and would appear to be 
specific for a given polymer 
If we consider a random copolymer composed of ov” 
A and B units and if only the A units participate a P 
in the crystallization, then the amorphous regions of a a “| 
the copolymer will have a greater concentration of 
B units than the total composition. Because only 
the amorphous regions participate in the glass trans- 
formation we might expect the glass transformation r 
of the copolymer to shift in the direction character- _} 
istic of the component that does not crystallize as 
the crystallization process progresses | 
The situation just described can be realized for the ee | | a | l | | J 
copolymers of chlorotrifluoroethylene and viny lidene “35-25-15 pS -_ — 
fluoride having the composition of w,=0.85. If this 
copolymer is heated above its melting point and | Frevure 6. Volume-temperature plots of copolymer having 
quickly quenched to 0° C, only a small amount of composition corresponding to w;=0.85 
crystallinity develops. This is illustrated by the | curve A, highiy crystalline material; curve B 
X-ray diffraction pattern for the copolymer treated saat 
in this manner given by curve B of figure 5, where 
an almost comple te ‘ly amorphous pattern is obtained. | occurs at 7° CC. These results are a clear indica- 
The volume-temperature curve for this copolymer is | tion that the crystallization of one type of unit in 
given in curve B of figure 6, and, as has already been | a random copolymer results in a shift in the glass 
mentioned, a glass temperature at +20° C is indi- | temperature in the direction of higher composi- 
cated tions of the noncrystallizing component. Coincident 
When this polymer is heated above 35° C more | with the development of crystallinity the volume- 
rapid crystallization ensues and the X-ray diffraction | temperature coefficient above the glass tempera- 
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pattern A of figure 5 is obtained. The Bragg spac- | ture decreased from 3.0107! em® g7! °C™! for the 
ings in this pattern indicate that only the chloro- | amorphous polymer to 1.8107! em* g™! °C~* for 
trifluoroethylene units are crystallizing, and hence | the partially erystalline polymer. In their study 
the amorphous regions must contain a greater con- | of Saran, a copolymer of vinylidene chloride and 
centration of vinylidene fluoride units than the nomi- | vinyl chloride, Boyer and Spencer [29] found that as 
nal composition. The volume-temperature curve | the fraction of the polymer that was crystalline varied — | 
corresponding to the more crystalline copolymer is | from 0.187 to 0.67 the glass temperature remained 
‘given by curve A of figure 6. The specific volume | constant. However, in this study the nature of the 


for this copolymer is, of course, less than that for | erystallizing units was not described and the pos- 
the amorphous polymer and the glass temperature | sibility of cocrystallization exists. It is evident that 
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with the contradictory evidence now available more 
eystematic studies of the effect of crystallization on 
T must be undertaken both for homopolymers and 
copolymers, though the results reported here indicate 
that ervstallization will cause a shift in the value 
of T,. 

4. References 


1) R. F. Boyer and R. Spencer, Advances in Colloid Chemis- 
trv II, 21 (Interscience Publishers, Inc., New York, 
N. Y., 1946 
2] W. Kauzmann, Chem. Revs. 43, 219 (1948 
1 T.G Fox and P. J. Flory, J Appl Phys 21, 5S1 (1950 
7. Ga Fox and P. J. Flory. J Polymer Sci 14, 315 
1954 
1] T. G. Fox and 8. Loshaek, J Poly mer Sel. 15, 371 (1955). 
5] S. Loshaek, J. Polymer Sei. 15, 391 (1955). 
6) R F Bover, Changement des phases, Compt. rend. de la 
2d reunion de chimie physies, p. 384 (1952 
7] R. F. Boyer, J. Appl. Phys. 25, 185 (1954). 
8] J. H. Gibbs, J. Chem. Phys. 25, 185 (1956). 
o| N. Bekkedahl, J. Research NBS 13, 411 1934) RP717 
10} C. W. Bunn and E. R. Howells, Nature 174, 549 (1954). 
11] F. A. Quinn, Jr., D. E. Roberts, and R. N. Work, J 
(ppl Phys. 22, 1084 (1951 
|2 J D Hoffman, Bul An Phys soc IT) - 110 NMIarch 
15. 1956 


| F. P. Price, J. Am. Chem. Soe. 74, 311 (1952) 
| J. D. Hoffman, J. Am. Chem. Soe. 74, 1696 (1952 
| A. V. Tobolsky and J. R. McLaughlin, J. Phys. Chem 


59, YS89 (1955) 


| H. S. Kaufman, J. Am. Chem. Soe. 75, 1477 (1953). 
(17) T. G. Fox, Bul. Am. Phys. Soe. [II] 1, 123 (March 15, 
1956), 
P. J. Flory, L. Mandelkern, and H. K. Hall, J, Am. Chem. 
Soc. 73, 2532 (1951). 
19) L. Mandelkern and P. J. Flory, J. Am. Chem, Soe. 73, 


143 


126] M 


3206 (1951 


20) R. N. Work, J. Research NBS 47, 80 (1951) RP2230. 
; L 


A. Wood, N. Bekkedahl, and F. L. Roth, J. Research 
NBS 29, 391 (1942) RP1507. 
S. Furuya and M. Honda, J. Polymer Sci. 20, 587 (1956). 
G. M. Martin, S. S. Rogers, and L. Mandelkern, J. 
Poly mer Sci. 20, 579 (1956). 


24) S. M. Cox, J. F. Stirling, and P. L. Kirby, J. Soc. Glass 
Tech. 35, 103 (1951). , 
25) M. L. Williams, R. F. Landel, and J. D. Ferry, J. Am. 
Chem. Soe. 77, 3701 (1955). 
Gordon and J. 8S. Taylor, J. Appl. Chem. 2, 493 
1952). 
| H. J. Kolb and E. F. Izard, J. Appl. Phys. 20, 564 (1949). 
| D. W. Woods, Nature 174, 753 (1954). 
| R. F. Boyer and R. 8. Spencer, J. Appl. Phys. 15, 398 
(1944 


WASHINGTON, October 12, 1956. 








b2 


Me 


lror 
{ iral 
posure 
corros 
usuall 
: pit dl 
struct 
wav O 
Wh 
loss, t 
long t 
pariso 
to stu 
corros 
specin 
Under 
inifor 
soil, t 
differ 
the sa 
On 
must | 
Corros 
tive 
tempo 
The 
metho 
advan 
Previo 
on sm; 
n the 
analys 
Vestigs 
nh.) W 
Catho: 
tained 
Dy cle 
caleuls 
measu 


} pere 


the 6 s 
ratho ¢ 
rent a 


‘3 


h of the National Bureau of Standard: 


f Resear 


Vol. 58, No. 3, March 1957 Research Paper 2746 


Measurement of the Corrosion Rate of Iron by Polarization 
Techniques 


W. J. Schwerdtfeger 


Corrosion-rate-measuring techniques previously shown to be applicable to low-carbon 


steel] exposed to corrosive soils are also show nto apply 
a sodium chloride solution having a concentration of 2,000 parts per million. 
to polarizing currents, 


previously reported, IR drops, 
potential measurements. 


It is shown how corrosion-rate 


attributable 


measurements can be 


to low- and medium-carbon steels in 
Unlike the work 


are included in the 


made automatically by using a 


synchronously driven voltage divider and a two-pen electronic recorder. 
The polarizing characteristics of high-silicon cast iron when exposed to a 2,000-parts- 


per-million sodium chloride solution were also studied. 
corrosion reaction changes from cathodic 


becomes relatively low as the 


1. Introduction 


Iron and steel are the most commonly used struc- 
tural materials and under certain conditions of ex- 
posure are very susceptible to severe damage by 
corrosion. In the laborator v; the extent of corrosion is 
usually expressed in such terms as “weight loss” or 
“pit depth,” whereas, in the case of permanent field 
structures, visual inspection is probably the chief 
wav of evaluating damage 

When the degree of corrosion is based on weight 
loss, the test specimens must be exposed sufficiently 
long to render the cleaning errors negligible in com- 
parison with the actual weight losses. Also, in order 
to study the effect of exposure time on the rate of 
corrosion of a given material, removals of similar 
specimens at several intervals must be resorted to. 
Under these conditions, the results depend on the 
mniformity of the electrolyte. If the electrolyte is a 
soil, the corrosion rates of similar specimens may 
difer unless the degree of aeration around each 
the same, 

On permanent field structures, corrosion products 
must be removed in order to estimate the extent of 
corrosion damage. After inspection, unless preven- 
corrosion will be resumed, 


Is 


tive measures are taken, 
temporarily at least, at an accelerated rate. 
The foregoing encourages the search for any 


method of measuring corrosion rate in which the dis- 
advantages discussed might be overcome. 
Previous work has shown that the corrosion rates 
on small low-carbon steel specimens exposed to soils 
ithe laboratory can be measured electrically by the 
analysis of polarization curves {1|.'. During that in- 
vestigation, weighed steel disks (exposed area—2.4 
i“) Were exposed to 6 soils for a period of 2 months. 
Cathodic and anodic polarization curves were ob- 
tained on the specimens at periodic intervals, followed 
by cleaning and reweighing. On the average, the 
calculated weight based on the electrolytic 
Measurements and Faraday’s law were within 
+ percent of the measured weight losses. In each of 
the 6 soils, it was observed that a relatively constant 
ratio existed between the calculated corrosion cur- 
rent and a value current, designated J,, ob- 


references at the end of this 


above 


losses 


of 


paper 


corrosion rate 
control. 


It is shown that the 
to anodic 


tained from a break (change-in-slope) in the cathodic- 
polarization curve. As the corrosion process was 
cathodically controlled, the use of cathodic polariza- 
tion, exclusively, in measuring corrosion rate appeared 
to be justifiable. The simplified approach was 
suggested by Pearson [2] and by Holler [3]. During 
that investigation [1] this was tried, using one soil, 
and found to be satisfactory. 

Up to the present time, corrosion-rate measure- 
ments, based on cathodic and anodic polarization 
cruves, have been made with null or current-inter- 
ruption circuits [1, 2, 3,4, 5]. Although such circuits 
are necessary when accurate potential readings are 
desired, their use not always necessary for ob- 
serving breaks in polarization curves. The purpose 
of this investigation is to show, at least for the condi- 
tions of the experiments, that substantially all 
corrosion can be evaluated by using somewhat more 
simple electrical measuring techniques than usually 
employed, in which the JR drops are included in the 
potential measurements. The use of cathodic- 
polarization measurements, exclusively, is evaluated 
by measuring the effects of heat treatment and 
carbon content on the corrosion rate of carbon steel. 
The adaptability of a duplex electronic recorder for 
use in studying polarization characteristics and 
measuring rates of corrosion is also illustrated and 
discussed. 


Is 


2. Theoretical Considerations 


The hypothetical polarizing characteristics of a 
galvanic ‘couple exposed to an aqueous medium of 
negligible resistance are shown graphically in figure 1. 
Part A shows the polarization of the anode and 
cathode of the couple and part B represents the effect 
of external current on the couple. 

The symbols used in this paper are identified and 
defined as follows: 


F,=open-circuit potential of the anode. 
k.=open-circuit potential of the cathode. 
/,= potential of the couple. 
io=local action or corrosion current. 
],=external cathodic current applied to the couple 


when the anode current (local-action current) 
becomes zero. This is the minimum cur- 
rent required for cathodic protection. 
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FIGURE lI. Hypothetical polarization of a galvanic couple in an 
electrolyte of high conductivity. 

7,=external anodic current applied to the couple 


when the cathode current (local-action cur- 
rent) becomes zero. 


a=change (AF,) in the potential of the couple 
from the value at zero applied current to 
the value at J,. 

b=change (AZ,) in the potential of the couple 


from the value at zero applied current to 
the value at /,. 


With reference to figure 1. it has been shown 
previously [1] that 
a p 
yet ) 
and 
h I, 
u=— 65! I+T, ty. a 


The ratio a/b might be regarded as a measure for 
expressing the type of polarization control. Com- 
plete cathodic control is approached as the current 


I, becomes large as compared with the current /,. 
Under such conditions, on the basis of eq (2), % 1S 


substantially equal to /,. 

It can be seen (fig. 1) that as the ratio a/b becomes 
smaller the change-in-slope of the curve at 7, becomes 
increasingly difficult to observe. Fortunately, the 
change-in-slope at the current J, is relatively easy to 
observe in many cathodically controlled reactions, 
where it is also more significant than / Such 
happens to be the case with low-alloy ferrous ma- 
terials exposed to soils and solutions. 

It has been shown that, for steel exposed to soils, 
the cathodic-protection current, /,, bears a nearly 
linear relationship to the corrosion current, 7), and 
as a consequence the rate of corrosion can be esti- 
mated from cathodic-polarization curves [1]. Based 
on eq (2), it is interesting to note that a variation 
in the ratio /,//, from 0.1 to 0.25, for a given value of 
/,, results in a change in the corrosion current of 
only about 11 percent. Thus, it desirable 
establish the ratio empirically and to base corrosion- 
rate calculations on the cathodic-polarization curves, 
exclusively, whenever possible, us some degree of 
error is possible even when estimating /, from the 
polarization curve. Evans [6| has pointed out that, 
in the absence of passivity, cathodic polarization 
bears a greater influence on corrosion rate than does 
anodic polarization. 


Is 


In obtaining polarization curves by ordinary 
potential measurements between a reference electrode 
and the specimen during passage of the polarizi 
current, the /R drop in the corroding medium jg 
included in the measurements. However, whether 
measuring this potential, or the potential, free of Jp 
drop (as-in fig. 1), obtainable by special methods of 
measurement, there will occur a break in the potential. 
current curve at /, or /, as dependent on the type of 
polarization being employed. ‘Thus, in corrosiop. 
rate studies, potential measurements including JR 
drops are satisfactory. 

Although most corrosion reactions are said to be 
cathodically controlled, the polarization method of 
measuring corrosion rate also applies to reactions 
that are anodically controlled. In reactions under 
anodic control the current /, (eq 2) becomes the more 
significant as it is then smaller than /,. Also, the 
slope (a/i)) of the anodic-polarization curve beyond 
the current /, will be steeper than the slope (4/ 
of the cathodic-polarization curve bevond the current 
-* This follows from eq (1), which could be writte 


I, alio 


I, blio 


and will be shown later to apply to experimental data 
on high-silicon cast iron. 


3. Experimental Procedure 


the electrical measurements to be described 


All 


later were made on ferrous specimens exposed toa. 


solution containing 0.2 percent (2,000 ppm) of sodium 
chloride in tap water, which varied in temperatur 
between 20° and 27° C. Based on data in th 
Corrosion Handbook (7 | this solution is almost as 
corrosive to iron as one containing 3 percent of 
sodium chloride. Thus, sizable weight losses could 
be expected in a reasonable length of time, and vel 
the concentration was low enough to provide J? 
drops of sufficient magnitude to affect the potential 
readings and thus permit study of the usefulness o! 
the proposed method. The electrolyte was contained 
by an open evlindrical wooden vat (fig. 2) having a 
inside diameter of about 66 in. and was maintamed 
to a depth of about 18 in. The arrangement o 
supporting bars, shown fastened across the top ol 
the vat, was used for mounting and_ positioning o! 
the specimens and a_half-cell) probe. Auxiliary 
anodes are shown mounted on the inner wall of th 
vat. The solution was renewed between the individ 
ual tests described in the experimental results. 
Except for one tubular-steel specimen, all ste 
specimens were of rod material. Specific dimensions 
are given in the section on experimental results 
The ends of the rods and edges of the tubing wer 
rounded and all burrs removed so as to avoid weight- 
loss errors and accelerated corrosion at the edges 
This was followed by degreasing with carbon tetr- 
chloride. The aluminum- and_ silicon-killed 
specimens were immersed in a 5-percent sulfuric acid 
solution for 2 hr, with intermittent serubbing l 
remove loosened mill scale, followed by unmersie! 
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a 10-percent celctum hydroxide solution for 15 
min and finally washing the specimens in running 
hot water All were then steel-wire 
rushed so as to produce a bright surface and weighed 
to the me. The high-silicon cast-iron 
specimen, although wire brushed, was exposed with- 
out weighing, in anticipation of negligible corrosion. 
Having a rough surface, a cleaning error could easily 
exceed the actual weight loss due to corrosion. 

All specimens were protected against corrosion at 
the water line by covering a 3-in. intermediate sec- 
tion with plastic electrical tape (half-lapped). The 
inexposed portion ot the specimen (bare surface 
above the tape with a film of oil in 
order to prevent atmospheric corrosion, the portion 
on the other side of the tape being exposed to the 
electrolyte. The were each fitted 
with a perforated rubber stopper over which a clamp 
was fitted for holding the specimen in a vertical 
position during exposure 

Polarization data were obtained on a given set of 
specimens at fairly regular intervals during the 
exposure periods, which ranged from 14 to 45 days. 
\fter the exposure of the specimens, the tape was 
removed and the corrosion products loosened and 
removed by cathodicalls cleaning the specimens in 
the test electrolyte for a period of 2 hr ata 
current density of about 1 amp/ft.2. Following this, 
the specimens were lightly brushed under running 
hot water with a steel wire brush and then, when dry, 
more vigorously with a wire brush. The 
specimens were then reweighed in order to measure 
the actual weight losses attributable to corrosion. 

All potential measurements were made with refer- 
saturated calomel half-cell, which was 
bridged to the electrolyte by a flexible plastic tube 
filled with a saturated potassium chloride-agar mix- 
ture. When measurements were to be made, the 
agar bridge was slipped into a sleeve made of insula- 
ling material mounted vertically inside of the wooden 
vat and also symmetrically with respect to the set of 
specimens under exposure. The end of the flexible 
tube just protruded from the lower end of the sleeve. 
The end of the flexible tube was in a horizontal plane 


specimens 


nearest 5 


was covered 


rod specimens 


to 3 


brass 


ence to a 


through the centers of the exposed lengths of the 
specimens and off to the side a distance not less than 
one-quarter of the length of an exposed section. In 
the beginning, when the recorder was net used, poten- 
tials were measured with a high-resistance voltmeter 
(200,000 ohms/v) and the polarizing current, sup- 
plied through graphite anodes, was adjusted manu- 
ally. The polarization data were obtained by 
increasing the current in equal increments of 2-min 
duration. Later, when using the recorder, polarizing 
current was applied by linearly increasing the applied 
voltage by means of a synchronously driven voltage 
divider. Metal anodes were used when measure- 
ments were made with the recorder in order to 
eliminate the polarization difficulties present with 
the graphite anodes. 


4. Experimental Results 


4.1. Evaluation of i,/J, for Carbon Steel 


In order to find the relationship between the polar- 
izing currents /, and /, pertaining to carbon steel 
exposed to the 0.2-percent sodium chloride solution, 
and consequently the evaluation of %//,, a %¢-in.- 
diameter cold-rolled specimen was exposed for 29 
days. 

In addition to the preparatory procedure outlined 
in section 3, the exposed tip of the specimen was 
coated by dipping the rod into molten bitumen, 
leaving 12 in. for exposure to the electrolyte. 

The data obtained as a result of cathodically and 
anodically polarizing the specimen are tabulated in 
table 1. Typical polarization curves from which the 
values of J, and /, were obtained are shown in figure 
3. The weight loss of the rod during the exposure 
period, not stated in the table, was 345 mg. By 
Faraday’s law, 30 mg was removed electrolytically 
during the 8 anodic polarization runs, each of which 
was 45 min in duration at an average current of 5 
ma. The total calculated weight loss of 313. mg 
(283 mg during exposure plus 30 mg during anodic 
polarization runs) differs by about 9 percent from the 
measured weight loss of 345 mg. “The estimated 
effect of the cathodic runs on weight-loss reduction is 
than | percent and is therefore neglected. 
Aside from the possible errors attributable to the 
interpretation of the polarization curves (fig. 3), the 
degree of variation between the calculated and 
measured weight losses also depends on the margin 
of error in assuming linear changes in corrosion rate 
between successive measurements (table 1). 

It will be noted (table 1) that the values of /,//, 
lie within a range that corresponds to only a rela- 
tively small variation of i)/J,. In fact, in view of the 
reasoning already presented in section 2, the use of 
the expression i,=0.9 7, would appear to be justi- 
fiable. Accordingly, therefore, a considerably larger 
specimen was prepared for exposure in order to 
further test the 7/7, ratio. The specimen was a 
3.25-in. o. d. cold-drawn steel tube with 9.25 in. of its 
outer length exposed to the salt solution. The ex- 
posed lower end of the tube was fitted with a rubber 
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TABLE 1. Relationship between the corrosion current 


, 


cathodic protection current for carbon steel exposed to a 0.2- 


perce ni sodium chloride solution 


Polarizing current 


at break in curve Corro Weight Ratio Ratio 
Exposure sion loss 
time current,® caleu ] ] 
Cathodic, Anodic, j lated! ’ 
I, 
Days ma ma ma mg 
1 0. 34 3.0 0.31 $1 0.11 0.91 
) 34 3.0 31 s ll v1 
MO 0 14 4 12 betel 
7 51 0 45 11 13 ss 
13 33 3.8 30 ‘ ow 4] 
Is 20 3.2 27 $t ow a3 
22 iw 5.0 SS 5) 13 SS 
ya!) “ 11 { Su 12 uo 
283 1a) 1 0) 
io Tp] q/(Lp+Te), eG (2 
+ Weight loss (grams)=ATio, where A =2.8938X10-' g/coulomb and ji» is the 
iverage current (amp) for the period, ¢, in seconds, between successive readings 


For the periods before the initial and following the final polar 


during exposure 
were taken 


ization runs, the values of io for the initial and final runs, respectively 
iS average 
rotal value attributed to norma 
1 Average value 


1 cor rosion 


stopper and sealed around the edge with molten 
asphalt in order to confine the corrosion to the ex- 
ternal surface of the tube. This end rested on an 
inverted glass beaker, centrally positioned in the 
wooden vat. The tube was held in a vertical posi- 
tion and protected against corrosion at the elec- 
trolyte line and above as previously described. 
Cathodic- and anodic-polarization curves were ob- 
tained on the specimen. The /,//, ratio was found 
to be approximately the same as that observed with 
the %¢-in. rod and therefore the weight-loss caleula- 
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FIGURI 3. Polarization curves of a steel specimen ¢ posed load 
) ?-percent odium chloride solution 


and 


21 
on aoa 


TABLE 2. Corrosion rate g-in.-diameter steel tubs 
calculated from  cathodic-polarization only 


er posed lo a U.2-perce nt sodium chloride solution 


as 


curves wh 
en 


Polariz- 
Ex po- ing cur- Corro Weight 
sure rent at sion loss, 
time break in current, caleu 
curve, j lated 
I, 
Days ma na 7 
0 24 22 
4 3.6 3.2 145 
Tn 3.1 2.8 wv) 
8 1.4 10 170 
10 3.2 29 17 
13 2.9 2.6 202 
15 2. 8 2.5 125 
17 3.6 3.2 145 
a) 2.5 2.2 22 
22 2.4 2.2 10 
4 2.5 2.2 110 
27 3.2 2.9 ISS 
Pal) 249 2 ¢ 140 
+) H5 
> in 
* After 4 hr of « \posure 
0.9/7, (see footnote d, table 1 
See footnote b of table 1 
! Total value attributed to normal corrosion 
tions are based on ip>=0.9 J, (table 2). During th 


running of the 13 anodic polarization curves, it was 
estimated that an additional 98 meg of iron went 
into solution; the effect of the cathodic runs on 
weight loss was neglected, it being less than 1 per- 
cent. The tube lost 2,245 mg during the 30-day 
exposure period. Based on this measured total 
value, the calculated weight loss of 2,165 mg (2,067 
mg during exposure plus 98 mg during anodie- 
polarization runs) differed by 3.6 percent. 


4.2. Comparison of Aluminum- and Silicon-Killed 
Low-Carbon Steels—-Normal and Heat-Treated 


It has been shown that 
curves are useful alone as a means for measuring 
the corrosion rate of carbon This section 
will be devoted to further study of the sensitivity 
and practicability of this method. 

The specimens were prepared as discussed in see- 
tion 3 and were cut from ‘s-in. rod with 12 in. of 
rod length exposed to the corrodent. Four speci- 
mens Were simultaneously exposed to the 0.2-percent 
salt solution for a period of 14 days. Two of th 
specimens were of aluminum-killed steel, one being 
heated to 1,650° F and water-quenched before expo- 
The other two specimens were of silicon-killed 


cathodid-polarization 


steels. 


sure. 
steel, one being similarly heat-treated. 

The data (table indicate that the 
rates of the two steels are approximately alike 
However, water-quenching appears to have increased 
the corrosion rates by about 10 percent, on the basis 
of both the caleulated and the actual weight losses. 
The agreement between the calculated and actual 
weight losses is remarkably good. As the polariza- 
tion curves were obtained on the 4 rods within a 
period of 3 hr, the average values of /, (table 3) are 
probably just as valid as the calculated weight losses 
for comparing the relative rates of corrosion 


‘+ ) corrosion 
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tube, a TABLE 3. Comparative corrosion rates of aluminum- and | a. Preliminary Measurements 
Ayes silicon-killed steels—effects of water-quenching 











4, when . , . 
The data were taken on the aluminum-killed non- 
Péterte. wWetshe teen heat-treated specimen previously discussed in section 
Exposure) ing cur- 4.2. A composite photograph (fig. 4) of a series of 
t » ‘nt at . . 
me | eessk in| Calew- - strip-chart records shows the effect on the corrosion 
EN, %>] SS” | Co rate of the specimen, as reflected by the cathodic- 
aanchiimahiiiii aes polarization curves, when air was forced into the 
um-Killed, no heat treatment * 
uminu at trea electrolyte. Charts A and B were run on the fourth 
Days ma mg mg 
4 1. 60 144 
7 1.16 US 
10 0. 66 61 
2 os 30 
4 30 
© 1.02 e 358 365 . 
Aluminum-killed, water-quenched * f 
‘ 1. 60 144 
7 1. 28 a7 2.4 
Ww 1.00 ri | 
12 0.86 42 | 
4 7 7 
e 11s e 399 100) | 
Silicon-killed, no heat treatment ! “Za 4 ; ’ 
© poTeNTiAL 
{ 1.70 153 yaa 
. 7 0.42 aA F 
ig the 0 on 54 
t was 12 7s 33 
went ” ; 
as on ' 1. 02 e 363 360 | 
| per- 
\-day Silicon-killed, water-quenched ' 
total 
, 4 1.82 ltd | 
? O67 7 0.94 O83 ; 
. 10 Y7 4 | 
1odie- 2 7S 39 | 
4 $5 | 
1.12 e 305 390 
Killed 
» Composition of steel in percent: 0.20 C, 0.53 Mn, 0.016 P, 0.027 8, 0.03 Si. 
ted Composition of steel in percent; 0.19 C, 0.42 Mn, 0.015 P, 0.025 3, 0.14 Si 
‘ Average value ‘ 
ation 1 ip=0.97, (See footnotes b and d, table 1 
. * Total value. 
uring 
ction 
ivity 
4.3. Corrosion-Rate Measurements, Using 
ane. Automatic Equipment 
n. of : 
peci- These data were obtained by using a two-pen 
rcent “continuous balance” electronic recorder. One of | 
f the | the pens recorded the potential of the corroding speci- | 
ving | men as measured with a high-impedance circuit, and 
xpo- | the other pen recorded the polarizing current to the 


illed } specimen produced by a linearly increasing applied 
voltage. The applied voltage was taken from a 10- 








sion | turn potentiometer (voltage divider) geared down to 

like. | aspeed of 0.2 rpm by a synchronous motor equipped 

ased , With a gear train. Thus, the potential and the 

basis current were recorded simultaneously. | Se ~ Pe 

sse ‘ iti inImMizinge : ‘rror » re- in. CHART m/he— oe &§& 

Sses. In addition to minimizing human error, the re Jin CHART SPEED 30 =a. . 

‘tual corder offers other advantages over indicating instru- 

riza- | ments. For example, upon interruption of the FiGtrReE 4, Cathodic polarization of a steel specimen exposed 

in a applied voltage, the magnitude of JR drop included | to the 0.2-percent sodium chloride solution as recorded by the 

}are | ithe polarized potential can be estimated from the electronic recorder. 

ysses polarization decay curve following the removal of | A, 4 days after initial exposure, solution is still; B, 5 days after initial exposure 
li i . : solution is still; C, 7 days after initial exposure, air forced into the solution since 
; 8pphed current. B; D, 8 days after initial exposure, solution is still, air off since C. 
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ki RE 5 l'se of a iriliaryu anode Zn as a reterence electrode 
chart E 
and fifth days, respectively, of exposure After 


recording chart B, ai was introduced into the salt 


solution at an arbitrary rate, continuously for 2 days 
when the curves (chart © were obtained The 
aeration was then discontinued and the following 


day chart D was recorded 

It will be noted (fig. 4) that the breaks, /,, are 
reflected by both the current and the potential 
curves The aeration of the electrolyte caused the 
corrosion rate of the steel to be increased (chart C) 
by about 50 percent. This is shown by a reduction 
in the rate of corrosion (chart D) with the air off 

On charts A and D, the breaks /, indicate approxi- 
mately equal rates of corrosion and the respective 
changes in both the current and the potential-versus- 
time curves are almost identical 

The coincidence of the break in the current curve 
with that in the potential curve is due to the faet 
that the zine, used as the auxiliary anode, did not 
polarize appreciably throughout the range of polar- 
izing current Such being the case, an anode might 
made to reference 
Figure 5 is composed of two curves obtained on this 
steel specimen; the first B, reproduced from figure 4, 
being obtained with the saturated calomel reference 
electrode, and the second, E, was obtained 6 davs 
later, using the zine anode as the reference. It will 
be observed that the break due to the polarization 
of the specimen 1s clearly shown by the voltage 
Zn-Fe) curve and agrees fairly well with the break 
in the current curve. 


also be serve as a electrode 


b. Comparison of Low- and Medium-Carbon Steel and Effects of 
. Heat-Treating the Medium-Carbon Steel 


Four specimens were exposed to a 0).2-percent 


sodium chloride solution for 45 days. One specimen 
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was of low-carbon steel (0.15 ©) and the others wer 
of medium-carbon§ steel (0.45 © One of th 
specimens Was ih the hot-rolled 


one, W ater-quenched from 


medium-cal bon 


condition as received 


1.650 I and the other, water-quenched from 
1.650° F and tempered at 1.400° FF. All were cut 
from *-in.-diameter stock and 12 in. of length was 


exposed to the salt solution The specimens wer 
svmmetrically positioned around the reference elec- 
trode, which was mounted in the center of the wooden 
tank. 

Data obtained from the cathodic polarizatiot 
curves and weight losses are shown in table 4. 
order to check the 7//, ratio, previously evaluated 
anodic polarization curves, in addition to cathodi 
were obtained on the 7th, 19th, 30th, and 42d days 
of exposure for each of the four specimens. Thi 
resulting from the 16 


average 7 / ratio, sets ol 
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data, was agai approximately 0.9, ranging from 0.88 
The calculated weight losses (table 4) are 
hased on the average values of /,, as measurements 
were made frequently. The net effect of both 
cathodic and anodic polarization on the weight 
losses Was estimated to be less than 1 percent and 


to (0.92. 


therefore 1s neglected. . 

The differences in the corrosion rates of the specl- 
mens, both actual and caleulated, must be con- 
sidered negligible with possibly the exception of the 
tempered specimen, ‘These and previous measure- 
ments seem to indicate that variations in values of 
/, as low as 10 percent can be considered as revealing 
significant differences in rates of corrosion when the 
control of the corrosion reaction is within the limits 
previousl deseribed. 


c. Measurements on High-Silicon Cast Iron 


High-silicon cast iron is known for its good cor- 
rosion many aqueous environments. 
The material is not machinable and fabri- 
cated only in the form of castings. Because of these 
characteristics, accurate corrosion weight-loss mea- 
surements cannot be made when high-silicon cast 
iron 1s exposed for relatively short periods of time, 
but the polarization technique of corrosion-rate 
would appear to be particularly 


resistance Mm 
comes 


measurement 
adaptable. 

A specimen of high-silicon cast iron (Duriron), in 
the form of an anode ordinarily sold for use in 
cathodic protection, was exposed to a 0.2-percent 
sodium chloride solution for a period of 28 days, 
during which time the polarizing characteristics of 
the material were studied. The specimen had a 
diameter of 1 in., and 12 in. of its length was exposed 
to the electrolyte. Contrary to the behavior of 
carbon steel, the potential of the high-silicon cast 
iron started to change toward more cathodic values 
after having been exposed for 1 hr. 

Cathodic and anodic polarization curves recorded 
during the first 14 days of exposure are shown in 
figure 6. The cathodic curve A was obtained after 
the specimen had been exposed for 3% hr. Then, 
after a lapse of another 2 hr, allowed for the decay 
of the cathodic polarization, the anodic curve A 
was recorded. The break in the cathodic-potential 
curve, A, occurred at a current /, of 1.8 ma, whereas 
no break appeared in the corresponding anodic- 
potential curve for the range of applied currents 
shown. This initial set of curves is typical of those 
for carbon steel in that the cathodic polarization is 
greater than the anodic polarization, and the magni- 
tude of l, is about what would be expected for the 
exposed area involved. There was visible evidence 
of a fairly high corrosion rate during the first 24 
hrin the form of rust, which commenced to appear 
around the high-silicon cast iron a few hours after 
exposure. The action is considered normal for this 
material during the early stages of exposure. The 
change in) potential toward more cathodic values 
continued and in 24 hr amounted to approximately 
0.3 v, at which time the second pair of curves, B, 


was obtained. It will be observed that 


anodic 


polarization how occurs at a greater rate than on 
the previous day and that the corrosion reaction is 
how anodically controlled (table 5). Thus, the cor- 
rosion rate is now determined chiefly by the break 
in the anodic-potential curve as evaluated by the 
current J/,. The slope of the anodic-potential curve 
now becomes steeper at currents greater than J), 
whereas when the reaction was cathodically con- 
trolled (curves A) the slope of the cathodic potential 
curve became steeper at currents greater than /,,. 

TaBLe 5. Polarization-curve data on high-silicon cast iron 

exposed to a 0.2-percent sodium chloride solution 


Polarizing current Slope + 


Exposure Curve Corrosion 
time (fig. 6 potential 
cathodic, anodic, cathodic, anodic, 
I, I b/io a/io 
Days t ma ma mojma mrjma 
0.2 \ 0. 530 1. 80 1. 80 100 
1 B 235 0.40 0.40 sv 4180) 
; Cc O75 30 05 117 700 
14 D> 060 1) O5 115 960 


® See the text 


The next set of polarization curves, C, were 
obtained after 5 days of exposure. It will be noted 
that the corrosion potential had changed still farther 
in the noble direction and that the corrosion rate 
as indicated by the current J, is even smaller than 
previously. The final set of curves, D, shown in 
figure 6, were run on the 14th day of exposure. 
The corrosion potential is about the same as it was 
on the 5th day of exposure, as is the corrosion rate. 
Curves, not shown, were again obtained on the 28th 
day of exposure when breaks in the potential curves 
appeared at substantially the same values of current 
as revealed by curves D. The specimen was then 
removed from the salt solution. The little evidence 
of rust was readily removed with a wire brush. 

That eq (3) is fairly well substantiated by the re- 
sults obtained from the polarization curves is shown 
by the data (table 5). This is particularly so for the 
data from curves C and D where values are given 
for both J, and J,. Excessive 7 drop, if included 
in the polarized potentials, would disturb the re- 
lation, but in the experiment under discussion it 
can be seen that the /? component, as can be esti- 
mated from the decay curves (fig. 6) following the 
removal of polarizing current, was only a small 
part of the potential change. 

As previously mentioned, the values of /, and 
/, from curves D (table 5) represent a condition 
that is substantially stabilized for longer periods of 
exposure. Therefore, by substituting these values 
of J, and J, into eq (2) and using the resultant value 
of i) in Faraday’s equation, the weight-loss equiva- 
lent figures out to be about 0.055 (0z/ft®)/yr. That 
this is a realistic value can be judged by comparing 
it with weight-loss measurements on high-silicon 
cast iron made by Logan [8] after approximately 12 
vears of underground exposure. The average weight 
loss was 0.031 (0z/ft*)/vr on specimens buried in 
35 soils ranging in resistivity from 60 to 45,000 
ohm-em. 
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5. Summary The SeNnsSLULVIty of the cathodic-polarization tech- 
nique, as a means for measuring relative rates 0! 
The corrosion ol carbon steel] ih al ().? percent COTTOSIONU, Was studied by simultaneously ae Or 
sodium chloride solution was found to be cathodicalls aluminum- and _ silicon-killed carbon steels, having 
controlled to the extent that the ratio between cor- approximately the Same composition, to the 0.2- 
rosion and cathodic protes tion currents was re latively percent sodium chloride solution for 14 days Also 


constant, being about 0.9. This value corresponds | included were additional specimens of the same steels 
to an average ratio, 0.83, previously found applicable | after water-quenching from 1,650° F. Neither th 
for carbon steel exposed to a variety of corrosive polarization nor the weight-loss measurements re- 
soils 1] vealed any differences hh the COrroslon rates ol 
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aluminum-killed or silicon-killed steel specimens, 
but both methods of measurement showed that 
quenching presumably caused the rates of corrosion 
to be slightly increased, | . 

The use of polarization curves for measuring 
rates of corrosion is also shown by strip chart records 
made with a two-pen electronic recorder. Prelimi- 
nary measurements illustrated the effect of increasing 
the rate of corrosion of carbon: steel exposed to a 
0.2-percent salt solution when air was bubbled into 
the electrolyte. Zine used as the auxiliary anode 
was also found to be satisfactory as a reference 
electrode for the range of polarizing current involved. 

The sensitivity of polarization curves in measuring | 
rates of corrosion was further explored by using | 
automatic equipment for recording the cathodic 
polarization on simultaneously exposed low and 
: Some of the medium carbon 
specimens were heat-treated before exposure. The 
corrosion rates calculated from the polarization 
curves were Within 5 percent of the corrosion rates 
shown bv the actual weight losses. 

Upon exposing a specimen of high-silicon cast iron 
to the 0.2-percent sodium chloride solution, the 
control of the corrosion reaction was observed to 
shift from cathodic to anodic within a period of 24 
br: automatic recording equipment was used. After 
i4 days of exposure, the corrosion rate appeared to 
be quite stable; and, based on breaks in the polariza- 
tion curves, chiefly the anodic curves, the corrosion 
ate was estimated as being about 0.055 (o0z/ft*) vr. 
This value is shown to be comparable to the corrosion 
rate of the same material on 12 years of 
mderground exposure, thus showing the value of 
polarization curves in quickly estimating rates of 
orrosion that could not be measured accurately by 
veight loss for short periods of exposure. 


medium carbon steels. 


based 


It is not suggested that the measurement of 
polarization curves be used as a substitute for 
$14438—57 i 153 


long-time-exposure tests, as one is unable to extra- 
polate with a high degree of certainty the corrosion 
rates over long periods of time. However, it 
believed that the polarization technique of corrosion- 
rate measurement is a good way of screening materials 
for underground- or marine-exposure studies. 
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Research Paper 2747 


Numerical Computation of the Transfinite Diameter of Two 
Collinear Line Segments 


Philip Davis 


Orthonormal poly nomials are 


ial 
consisting of two coliunear line segments 


has been achieved, 

The concept of the transfinite diameter 7(/¢) of a 
closed bounded point set / was introduced by M. 
Fekete [5], and the relation between this domain 
functional and conformal mapping and potential 
has been stressed by both Fekete and Szego 


theors a 
7| According to Fekete’s original definition, 


(") 
r(i/)=lim 4 V,, (1) 
where 
V-Max | V (21, Ze, «. ooZa)ie (2) 
el 


and where Vis the Vandermonde determinant. 

The transfinite diameter is known explicitly for a 
number of elementary geometrical configurations, 
but in general, its numerical evaluation is attended 
by considerable difficulty. In a previous paper [4], 
Davis and Rabinowitz showed that complex orthog- 
onal polynomials may be employed profitably for 
ts numerical determination in the certain 
simply connected domains, a square and nonconvex 
bean-shaped”’ domain having been tested. Re- 
ently, Professor Fekete called the attention of the 
author to the possibility of using an analogous 
relationship in the case where / consists of a finite 
number of rectifiable Jordan ares. Making use of 
very general theorems recently established by 


Cuse of 


Fekete and Walsh [6, p. 61], we may assert: 

Let Prlé a... 2° 7 <i ai > (n 2. ae com ples 
polynomials that are orthonormal ovel BE in the SEINE 
that 

Pm( 2) p, (2)ds=6 3) 
Jf 
Then ue have 
lim (l/a r(F). | 


for two collinear line segments of equal length 
placed symmetrically with respect to 0, say, E: 


"1<2< aa<r<l, 0<ca<cl, the value of r(/) is 
snown theoretically and is simply 
r(f ty yl—a (5) 
ed 
ure I ket i n i his paper 


( mployed to compute 


the transfinite diameter of a set 


With polynomials of degree 10, two-place accuracy 


For two collinear line segments of unequal length, 
its value has been obtained by N. Achiezer (1) and 
can be expressed as the ratio of certain elliptic 
functions. For more than two line segments a 
closed-form value of r(/2) is not known to the author. 

The relationship (4) was tested numerically on 
SEAC to see what could be achieved by way of 
accuracy, using single precision codes. In_ these 
computations, the value a=1/2 was selected, leading 
in (5) to 


r=13 ~0.4330127. (6) 
The computation was carried out by making use of 
a single precision (8 significant decimals) floating 
point orthonormalizing routine developed by J. 
Bram. This multiple-purpose code has already 
been described in [3]. The inner products (3) were 
computed by means of a 10-point Gaussian quadra- 
ture rule on each of the two segments (—1,—4) and 
},1). The machine was programmed to print out 
the coefficients of the orthonormal polynomials, as 
well as the values of these polynomials at the Gaus- 
employed. In this way, it was 
possible to monitor the obvious global properties of 
the orthonormal polynomials, as well as to see where 
the accumulated round-off began to vitiate the 
computations. One way in which this was done was 
as follows: The polynomials p,(z), orthonormal over 
the set #:(—1,— 4), (14,1), are alternately even and 
odd. As i increases, the theoretical zero values for 
the alternate coefficients of p, become contaminated 
by round-off, and these ‘“‘zeros’’ begin to assume the 
proportions of the nonzero coefficients and of the 
values of the orthonormal polynomials themselves 
(see table 1). It was found that all significance was 
lost when attempt was made to go beyond n=10. 
The last value of (l/a,)'" gave the value of r(£) 


abscissas 


sian 


correct to within 0.009. Additional accuracy is 
obtainable from (4) only by employing double- 


precision coding and going beyond n= 10. 

Although closed-form expressions for the ortho- 
normal polynomials over E:(—1,—4),(4,1) are not 
available, such expressions are available for the 
Tschebyscheff polynomials for / [2, p. 287]. Here 
the even and odd polynomials have a totally different 
structure. Using the latter polynomials as a guide 
(in the theory of domain polynomials these two sets 
frequently behave alike), we can confirm the slightly 
higher values for (1/a,)'/" registered in table 2 for 
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| ABLI 2 ( omp ‘lation of transfinile diamele row 


CACiy 
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coe ficients of orthonormal polynomials 


’ 
-? 
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BS « 10 S521. 1597 44191 
= = K 
- t 133012 


odd TL We can also conclude from the form of t} 


> z= 8 = Tscheby scheff polynomials that the ratio (a, Ges 

~ S = > would be a good estimator for r(/). Table 2, also 

ry presents these values, and it will be seen that ¢) 

be last entry, (as, a vields rik correctly to wit! 
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Research Paper 2748 


Influence of Crystallographic Orientation on the Corrosion 
Rate of Aluminum in Acids and Alkalies 


Theodore H. Orem 


The corrosion of single erystals of high-purity 


aluminum in strong acid and alkali 


media is disclosed as an orderly process, the rate of attack being dependent on the orienta- 


tion of the corroding surface 


For a 15-percent NaOH solution, corrosion apparently pro- 


gressed by revealing facet surfaces of the [335] type, resulting in gross corrosion of spheres into 


cubes: in contrast, 


substantiating other investigations, corrosion in aqua regia-hydrofluoric 


acid mixture revealed etch pits with surfaces of the [100] type, resulting in gross corrosion 


if th, of spheres into equilateral octahedra, Observations of the corrosion by acid and alkali 
solutions of disks with central holes, and rectangular prisms, both of monocrystalline alumi- 

n+? num, result in interes Sting conclusions and comparisons with respect to the corrosion process. 

2 also 

it tl 


1. Introduction 


Corrosion is such an extremely complex destructive 
rocess, influenced by so many factors, that a study 
tricia f metals and allovs in their commercially usable 
state affords little information concerning the basic 


eTical 
nature of the process. The fundamental corrosion 
aracteristics of metals can best be determined by 
study of the least complex form of the metal that 
; has the basic characteristics of the whole, 1. @., of 
\ single ervstals. By such a study many of the cor- 


+34,  posion-influencing characteristics of polycrystalline 


, materials, aside from the environmental factors, are 
diminated or at least minimized, and the basic 
ortho behavior of the metal can be observed. 

uting Those concerned with the study of metals have 
sa bserved, particularly under the microscope, over- 
Was tched specimens whose individual grain surfaces 


ippear to be at different elevations, as though the 
Wisse ndividual grains had been attacked at different 
- rates, such as may be seen in figure e In this speci- 
men the grains were at several different levels, with 
the the central grain at the highest level of all. Further, 
tean be observed that there has been a preferential 
attack within an imdividual grain as revealed by 
variations in rates of etching in an orderly pattern. 
Those familiar with the preparation of surfaces for 
metallographic examination are also aware of the 
ariation in behavior of different etchants (corro- 
the surface. It thus becomes apparent 
at not only is a metal preferentially attacked when 
subjected to a medium, but that 
liferent corrosive media attack the metal in differ- 
; ent Ways 

The above suggests that the corrosion of aluminum 
san ordered attack on the structure in accordance 
with a definite pattern, the pattern varying with the 

nature of the corrodent 
Extensive work by Gwathmey and his associates 
1.2.3.4)! has shown that the atomic arrangement on 
fected surfaces has great influence on the oxidation 
ind electrochemical characteristics of copper, and 
significantly affects the catalytic behavior of metals. 


lents) on 


corrosive also 


Figure brackets indicate the literature references at the end of this paper 





FIGURE lI, High-purity, polycrystalline aluminum dee p-ele hed 


in an aqua regia-HF solution. <3. 


Glauner and Glocker [5] investigated single-crystal 
spheres of copper and found that the rate of attack 
by various etchants varied with crystallographic 
face. Kostron, Hoffler, and Sautter [6] demon- 
strated that crystallographic orientation had signi- 
ficant influence on the corrosion of single-crystal 
spheres of aluminum. Polityeki and Fischer [7] also 
did excellent work on the behavior of various acids 
on monocrystalline aluminum. Straumanis [8] in- 
vestigated monocrystalline zine and measured the 
electrochemical potential of various crystal faces as 
corrosion progressed. 

It is the purpose of this paper to report on the 
results of an investigation undertaken to determine 
the basic differences between the corrosion of alumi- 
num in acids and in alkalies. 


2. Orientation Relationships in Test 
Specimens 


In investigating the relation between corrosion 
rates for various surfaces of a single-crystal corre- 
sponding to different crystallographic planes, it was 
believed that a qualitative study alone might yield 
much useful information; quantitative studies re- 
lated to surfaces of single crystals had been attempted 
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by the author and found to be very difficult to under- 
take and interpret. 

Judging from experience obtained with metallo- 
graphic etching, it could be presumed that the cor- 
rosion of aluminum single crystals would occur in a 
very orderly fashion, being dependent upon the ori- 
entation of atoms in the surfaces of the test specimen 
being attacked. The change in shape effected by 
corrosion on a single crystal of simple geometrical 
shape would permit a qualitative evaluation of the 
relative rates of corrosion in various crystallographic 
directions. 

In this investigation the relative rates of corrosion 
of variously oriented surfaces were determined by 
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FIGURI 2 Sketch of sphe e showing the location of Ut) hic 
plane N 
O10} 
10) 
Tere) ee)) 
Fiat RE 3 Sketch ol sphere shown in FIGURE 4 Nkhetch 


with cubic 
parallel lo paper and showing loci ol 
the cubic 


fiqure 6, oriented plane 


fig ive 


hedral d rections, 
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- oriented with the dodecahed a 
Pp ane pa allel lo the paper and shou ing 
and dodecahedral directions on or ¢ ibic. dodecahedral. and octa foci 


corroding spheres, disks, cubes, and 
prisms of monocrystalline aluminum 

The sphere is an ideally shaped specimen for syel 
work because every crystallographic plane of th 
svstem is tangent to the sphere at some point on its 
surface. 

As it developed, the emcular MOnNOCTYS stalline dis 
proved to be the most satisfactory of the ceometricgl 
forms utilized in this investigation because jt bes 
illustrated the differences in corrosion 
the various planes 

Figure 2 is a sketch of a sphere showing the rela- 
tionship of the cubic planes to the sphere, the positio, 
of two of the cubic planes being shown by the shaded 
areas passing through the pertinent great cireles 
the third cubic plane is in the plane of the pape 
The cubic planes will thus be tangent to the spherical] 
surface at the six points where the intercepts 0 
the three mutually perpendicular meridional planes 
intersect the surface. 

Figures 3, 4, and 5 are plan views of the spher 
shown in figure 2, positioned with the cubic, dodee- 
ahedral, and octahedral planes, respectively, parall 
to the plane of the paper, the azimuthal orientations 
being as indicated. 

There are shown in each of the diagrams 
lving within the plane of the diagram, the poles of 
various principal crystallographic planes. —Inasmucl 
as the correspondingly numbered planes are per- 
pendicular to the plane of the diagram, thev are said 
to be lying within its zone. Thus in figure 3 can by 
observed the poles of certain cubic (100) and dodee- 
ahedral (110) planes, which planes are in the zor 
of the cubic plane of the diagram. 

These diagrams will become useful in the study Ol 
spherical single crystals of aluminum corroded by 


rectangula) 


rates among 


also 


acids or alkalies. 

Figures 6, 7, and 8 show a monocrystalline alumi- 
num sphere, corroded in an aqua regia-hvdrofluori 
acid mixture, positioned to conform to the orienta- 
tions indicated in figures 3, 4, and 5. They ar 
shown here for comparison with the sketches an 
will be discussed later. 
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Figure 5 Sketch of sph 
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The relationship between COTTOSLON characteristics 
of all the low-index planes can be shown by corroding 
, series of disks, the flat surfaces of which are parallel 
to the eubic, dodecahedral, or octahedral planes. 

Figure 9, a, represents the plan and edge views of 
‘ monocrystalline aluminum disk whose flat surfaces 
are parallel to a cubie plane. The various figures 
crouped about the plan view represent principal 
planes within the ervstal, which are parallel to the 
oylindrical surface of the disk at the eight indicated 
positions These are the cubie A) and dodecahedral 
‘iB planes ; thes lie within the zone of the eubie plane 
of the disk surface All other crystallographic 
planes (not shown), which lie parallel to the evlindri- 
eal surface of the disk at other parts on its periphery, 
also lie in this cubie zone 

Figures 9, b, and 9, ¢, represent the corresponding 
relationships for monocrystalline aluminum disks 
whose flat surfaces are parallel to the dodecahedral 


sr 


XI 





and octahedral planes, respectively. Thus, cubie 
(A), dodecahedral (B), and octahedral (C) planes lie 
in the zone of the surface dodecahedral plane of 
figure 9, b, whereas dodecahedral planes (B) lie in the 
zone of the surface octahedral plane of figure 9, c. 
The unit cell shown at D in the front view of the disk 
of figure 9, ¢, is as the cell would appear when viewing 
it in a direction normal to the one plane of {112 

which is tangent to the eylindrical surface of the disk 
at that position. There are 6 locations (D) where 
planes of {112} are tangent to the cylindrical surface 
of the disk, 1 each being equidistant between the 6 
locations where the dodecahedral planes are tangent 
to the cylindrical surface of the disk. The compara- 
tive corrosion rates between {110} and{112}, and such 
other lesser planes, as {123}, {134},and {235}, which 
lie in the octahedral zone and are therefore tangent 
to the cylindrical surface of such a disk, will be shown 
by corroding such a disk. 




















FIGURE 6 Vonocrystalline FIGURE 7 Monocrystalline FIGURE &. Monocrystalline 
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GURE 9. Orthographic projection of disks having various surface orientations and showing the unit-cell arrangement when viewed 
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The use of cubes or rectangular prisms was of 
value only for determining the relative corrodibilities 
of surfaces parallel only to planes that are mutually 
normal. Figures 10, a, and 10, b, are orthographic 
projections of two such cubes, 10, a, being of a cube 
that has all 6 faces parallel to the cubie plane, and 
10, b, that of a cube that has 2 faces parallel to a 
cubie plane and 4 faces parallel to the dodecahedral 
planes The views of the unit cell indicate the 
crystal orientation on the faces of the cubes in these 
two sketches, 


3. Preparation of Test Specimens 


For this investigation monocrystalline spheres of 
high-purity aluminum | in. in diameter were grown 
by what is known as the Bridgman method [9] of 
slow cooling from the melt. The aluminum used was 
furnished by the Aluminum Company of America 
and was of 99.99+ percent purity. The disks, cubes, 
and rectangular parallelopipeds were machined from 
evlindrically shaped ingots, 1% in. in diameter, grown 
by the same method. Any desired orientation of a 
single crystal specimen was obtained by seeding the 
melt. 


4. Corrosion of Single-Crystal Specimens 


4.1. Acid Media 


A sphere of monocrystalline aluminum subjected 
to the corrosive action of aqua regia (65 ml HCl, sp 
gr 1.18, plus 35 ml HNOs, sp gr 1.41), to which HF 
had been added in the ratio of 5 ml of 48-percent HF 
to 100 ml of aqua regia, corroded in such a manner 
as to produce the surfaces shown in figures 6, 7, and 
S In these photographs the corroded sphere has 
been positioned to conform to the orientations of 
figures 3, 4, and 5, respectively It will be observed. 
particularly in figures 7 and 8, that those areas coin- 
ciding with the loci of the cubie poles in the sketches 
stand out in relief to other surfaces of the sphere 
This indicates that the attack has been slowest in 
in these areas, or in a direction normal to the cubic 
planes 
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It could be observed in figures 7 and 8, and, less 
noticeably, in figure 6, that the areas other than thos 
in the immediate vicinity of the cubie poles (compar 
with figs. 3 to 5) are uniformly pitted, there being 
some semblance of pattern to the attack. In th 
areas around the cubic poles there was no evidene 
of the pitting type of attack. 

This lack of pitting around the cubic-pole areas 
is because only surfaces parallel to the cubic planes 
are exposed when aluminum is attacked by acids 
(10,6,7|. This exposure of cubic planes is demon- 
strated by the etching characteristics of plane sur- 
faces parallel to the cubic, dodecahedral, and octa- 
hedral planes. 

A monocrystalline evlindrical ingot (see fig. 11) was 
sectioned to produce disks whose surfaces were ap- 
proximately parallel to the cubic, dodecahedral, and 
octahedral planes. The specimens were electro- 
polished to remove cold work induced by the cutting 
and grinding operations, and back-reflection Law 
diffraction patterns, using unfiltered radiation from 
a copper target, were obtained from specimens whose 
flat surfaces were normal to the X-ray beam. Th 
actual orientations of the flat surfaces of the disks 
were obtained by using the Greninger |11| method 
and the specimens were subsequently reground, re- 
polished, and again X-raved, as became necessary 
until the surfaces were within of being parallel 
to the desired crystallographic planes 

The above specimens were then subjected to the 
corrosive action of the aqua regia-HF mixture, and 
then examined with an optical goniometer {12}. This 
operation revealed that only the cubic planes were 
exposed as the result of the attack; the same planes 
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12. Photomicrograph of etched FiGuRE 13. Photomicrograph of etched Figure 14. Photomicrograph of etched 
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face of monocrystalline a nInNUN surface of monocrystalline aluminum surface of monocrystalline aluminun 
ippro ttely parallel to (100 approximately parallel to (110). approximately parallel to (111). 
Ht Fe Etch ta ution of aqua re HF, and Fe Etchant—a solution of aqua regia, HF, and FeC] 
oT] JAY x 200 


were exposed when similar specimens were subjected 
to concentrated HCl in preliminary experiments. 
All of the planes exposed were mutually perpendicu- 
lar; this tvpe of attack was described by Mahl [13 
and by Mahl and Pawlek [14] and observed by Roald 
and Streicher [15] in their work on the corrosion of 
aluminum in HC! 

Since the attack by the aqua regia-HF mixture 
was much more rapid than that by the concentrated 
HC] and the pattern of attack so much more clearly 
discernible, the acid mixture was employed in this 
nvestigation for all experiments relating to the acidic 
type of attack on aluminum 

Photomicrographs of the above specimens, etched 
with the aqua regia-HF mixture, to which a small 
mount of Ke ‘| hac been added to improve the detail 
of the microstructure, are shown in figures 12, 13, 
nd 14. The etch pits in the figures possess fourfold, | Froure 15. Sketch of cube showing etch pits bounded by cub 
twofold, and threefold symmetry details, respectively, planes on cubic, dodecahedral, and octahedral faces 
similar to those observed in figures a. 4, and 5. 

The sketch of a cube sectioned so as to reveal the 
ibic, dodecahedral, and octahedral faces, figure 15, 
shows the configuration of etch pits on these faces. 
Comparing these pits Ww ith those on the correspond- 








g specimens, it can be observed that the confines 
feach pit are composed of cubic faces only. The 
single etch pit on the dodecahedral face of the sketch 
saschematic conception of the ellipse-like character 
of the pits shown in figure 13, the illusion of round- 
hess or ellipticity being the result of a multiplicity of 
inute facets, all parallel to cubic planes, and dimin- 
shing in size toward the ends of the pit 

Because only cubie planes are exposed as a result 
| corrosion in the aqua regia-HF mixture, and be- 
use COrroslon consequently progresses at the slow 
st rate in a direction normal to these planes, it 
should be evident that the corrosion rates in diree- 
tions normal to all other planes will exceed that in 





rections normal to cubie planes 
Prolonged exposure of the sphere to the corrosive 
action of the aqua regia-HF mixture caused it to Figure 16. Monocrystalline aluminum sphere deeply corroded 


y > ré o : rhuy , 
evolve into the form shown in figure 16 It is in an aqua regia~-HF mixture : 
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apparent that an octahedron is evolving from the 
sphere, indicating that corrosion 1s progressing al 
the fastest rate In a direction normal to the surfaces 
that are parallel to the octahedral planes. This 
observation Is in full accordance with the findings 
of Kostron, et al. [6] and others, that when aluminum 
ig subjected to a corrosive medium which exposes 
the cubic planes only, the rate of corrosion is fastest 
ina direction normal to the octahedral planes, slow- 
est in a direction normal to the cubie planes, and 
at some intermediate rate in a direction normal to 
the dodecahedral planes 

To further substantiate these findings, disks of 
monocrystalline aluminum 1} in. in diameter by 4 in. 
thick were machined from ingots that were grown 
in such a Manner that the axes of the ingots were 
parallel to the cubie, dodecahedral, and octahedral 
A very small diameter hole was drilled through 
the center of the face of each disk. Disks having 
these orientations were discussed earlier. Their ori- 
entations are shown schematically in figures 9, a, b, 
and Cc, respectively. 

When disks of such surface orientations are cor- 
roded in an aqua regia-HF mixture, the behavior 
of the evlindrical surfaces of the disks should be 
comparable to that which was observed when a 
monocrystalline sphere was corroded in the same 
medium. That is, the rates will vary, 
depending upon the orientation of the planes tangent 
to the cylindrical surfaces, and on examination after 
immersion in the corroding medium the cylindrical 
disks will no longer have circular right sections. 
Thus, in a disk having its flat surfaces parallel to a 
cubic plane, figure 9, a, corrosion in a direction normal 
to the dodecahedral planes will be faster than that 
ina direction normal to the cubic planes and, after 
prolonged exposure in the aqua regia-HF mixture, 
the disk will corrode to the shape shown in figure 17. 
Note that the originally small, round hole in the 
center of the disk has corroded so that its plan is 
now roughly a square. The diagonals of this square 
coincide with the dodecahedral directions, the 
directions in which the corrosion is progressing at 
the fastest rate for a disk of this particular surface 
orientation. The evlindrical surface of the disk, 
while not as radically corroded as the hole in the 
center, nevertheless shows that corrosion progressed 
at a slower rate in a direction normal to the cubic 
planes than it did in a direction normal to the dodeca- 
hedral planes. 

A photograph of a disk having its surface parallel 
to the dodecahedral plane and oriented as is the 
sketch in figure 9, b, after prolonged exposure to 
an aqua regia-HF mixture, is shown in figure 18. 
This particular disk, as explained above, is the most 
favorable for illustrating the relationship between 
rates of corrosion in directions normal to low-index 
planes of the face-centered cubie system. 

By referring to figure 9, b, the shape of such a 
corroded disk reveals that corrosion has progressed 
at the slowest rate in a direction normal to the cubic 
Planes (A), and at the rate in a direction 
hormal to the octahedral planes (C as observed 


axes. 


corrosion 


fastest 


by the remaining radial width of the disk at these 
positions. It may be similarly deduced that cor- 
rosion in a direction normal to the dodecahedral 
planes (B) has progressed at an intermediate rate. 

A third disk, one having its surface parallel to 
an octahedral plane and oriented as in figure 9, ¢, 
is shown in figure 19 as it appeared after prolonged 
exposure in an aqua regia-HF mixture. It is evi- 
dent that corrosion in a direction normal to the 
dodecahedral planes (B) was at a slower rate than 
that in a direction normal to {112}, (D). 

Figures 20, 21, and 22 show similarly oriented 
disks corroded in an alkaline medium and are placed 
in the same diagram as figures 17, 18, and 19 for 
purposes of comparison; they are discussed later. 

In order to determine the relative corrodibility of 
surfaces that are mutually normal, rectangular 
prisms oriented as in figures 10, a, and 10, b, were 
exposed to the acid mixture. In figure 23 is the 
specimen having all faces parallel to cubic planes 
(see fig. 10, a). Corrosion at cube edges and corners 
is evidently greater than on cube faces. Figure 24 
shows the specimen having four sides parallel to 
dodecahedral planes. After prolonged exposure, 
the edges where these sides join are still sharp, thus 
indicating a greater rate of corrosion normal to 
dodecahedral planes than to any other plane in the 
cubic zone. The edges where the top joims the sides 
are beveled, inasmuch as corrosion in directions 
normal to dodecahedral planes is less than for direc- 
tions normal to other planes in the dodecahedral 
zone such as the octahedral plane. As would be 
expected, corrosion in such directions is also some- 
what greater than in those normal to the cubic 
planes. 


4.2. Alkaline Media 


It is well known that the grain-boundary structure 
of aluminum is generally developed readily in acid 
media. The grain boundary is_ distinguishable 
because each adjoining grain reflects light in different 
directions. Because the acid attacks the metal with 
the exposure of cubic planes only, the light from any 
one grain is thus reflected from a maximum of only 
three reflecting surfaces. In alkaline media, how- 
ever, it is difficult to distinguish grain boundaries on 
etch-polished surfaces of aluminum. This is due to 
the inability to distinguish between adjoining grains, 
all of which have a satiny or frosted appearance. 
This would indicate that light is being reflected from 
many more facets than in the case of an acid etchant. 

To illustrate the radical difference between the 
modes of attack of acids and alkalies, spheres and 
various oriented disks of monocrystalline aluminum 
were corroded in a 15-percent NaOH solution. Fig- 
ures 25, 26, and 27 are different views of a sphere 
after prolonged exposure to such a solution. Figure 
25 shows the sphere oriented with its cubic pole 
normal to the paper and its azimuthal orientation as 
in figure 3. It has the same orientation as the acid- 
corroded sphere shown in figure 6. Figure 26 has the 
dodecahedral pole of the crystal normal to the paper, 
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its azimuthal orientation is as in figure 4, and it ts 
oriented the same as that of the acid-corroded sphere 
in fivure 7 The octahedral pole of the sphere It) 
figure 27 is normal to the paper, its azimuthal orien- 
tation is as in figure 5, and it ts oriented the same as 
the acid-corroded sphere shown 1n figure 8 Figures 
28, 29, and 30, representing deeply corroded spheres 
in the acid mixture, are placed on the same diagram 
as figures 25, 26, and 27, for comparison with the 
alkali-corroded spheres; reference will be made to 
these photographs later in the paper 

A study of the different views of the sphere discloses 
little difference between the corrosion rates normal to 
the cubie and dodecahedral planes The rates 
both of these directions appear to be about the same, 
but both are definitely faster than that in a direction 
normal to the octahedral plane. However, examina- 
tion of appropriately oriented disks comparably ex- 
posed to attack does indicate that there is a difference 
between the rate of corrosion in a direction normal to 
the cubic plane and that in a direction normal to the 
dode ahedral plane. 
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Figure 20, which shows a disk with its surfae, 
parallel to a cubic plane, as in figure 9, a, clearly 
indicates that corrosion in a direction normal to th, 
cubic planes has been at a greater rate than that in g 
direction normal to the dodecahedral planes,  T), 
configuration of the hole in the center of the dis! 
especially demonstrates this difference in corrosion 
rates. Figure 31, which is a sketch of the corroded 
hole, the shaded area indicating the portion of thy 
disk that has corroded away, shows that corrosio 
has progressed at a faster rate in a direction normal! 
to the cubic planes than it has in a direction normal 
to the dodecahedral planes, because the A dimensions 
are greater than the B dimensions. The sketch js 
oriented as in figures 9, a, and 20 

A disk whose surface is parallel to a dodecahedral 
plane, figure 21, shows clearly that a difference exists 
in the rates of corrosion in directions normal to thy 


cubie, dodecahedral, and octahedral planes 
»*) 


Figur 


32, a sketch of this hole, oriented as in figure 9. } 
clearly shows that corrosion has progressed further iy 
a direction normal to the cubic planes than it has in a 
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direction normal to the dodecahedral planes because 





oe dimension A is greater than dimension B. Both 
o th rates of corrosion are at a faster rate than in a direc- 
bins tion normal to the octahedral planes since dimension 
Th C, which lies approximately in the octahedral direc- 
. dak tion, is somewhat less than both dimensions A and B. 
ethos The specimen in figure 22 oriented as in figure 9, c, 
roded shows the relationship between the rates of corrosion 
f the in directions normal to planes in the octahedral zone. 
eaies It is quite evident, both from the peripheral 
rmal appearance and from the corroded hole, that corrosion 
wmel in a direction normal to the dodecahedral planes (B) 
sions has been at a faster rate than that in a direction 
wy: normal to {112}, (D). Thus, for such a disk, it is 
apparent that corrosion progresses at the fastest rate 
edral in a direction normal to the dodecahedral planes, and 
ouiete at the slowest rate in a direction normal to {112}. 
© th: The determination of the relative corrodibility of 
iour mutually normal surfaces was obtained by exposing 
9 b cubes oriented as in figures 10, a, and 10, b, to 15- 
vee i percent NaOH for a prolonged period. The speci- 
sine ricrre 31. Sketch of hole in disk whose surface is parallel to | Men having all sides parallel to cubic planes is shown 


> 


ibic plane after corrosion in 15-percent NaOH in figure 33, corrosion apparently having occurred 
at an equal rate in all three cubic directions with the 
three dimensions remaining essentially equal. The 
specimen having its four sides parallel to dodeca- 
hedral planes is shown in figure 34, its height having 
become considerably less than its lateral dimensions, 
indicating a more rapid corrosion rate normal to the 
cubic planes than to the dodecahedral planes. 
Another feature of the exposure of these cubes, 
which is also evident in the exposure of spheres and 
disks in an alkaline medium, is the appearance of 
protruding facets on the surfaces of these specimens. 
The lack of beveling, as might be expected on the 
vertical edges of the cube specimen in figure 34, is 
apparently due to the predominant effect of the 
occurrence of such facets in these regions. 





5. Discussion of Results 


OH. In the investigation of the corrosion of aluminum 


in the aqua regia-HF mixture, the originally round 

holes in the centers of the disk corroded to various 

Figure 32. Sketch of hole in disk whose surface is parallel to geometrical shapes after prolonged immersion in the 

dodecahedral plane after corrosion in 15-percent NaOH corrodent, the shape of the hole bearing a direct rela- 

tionship to the orientation of the surface of the disk. 

These variously shaped holes, caused by corrosion 

with the exposure of cubic planes only, conformed to 

the projected shape of the outermost boundaries of a 

cube, the crystallographic orientation of the cube 
determining the shape of the hole. 

Shadow photographs of a cube oriented so that 
either cubic, dodecahedral, or octahedral planes lie 
in the plane of the projection are shown in figures 
35, a, b, and ec, respectively; these are similar in 
shape to the projections of the unit cubes shown in 
the centers of the plan views of figures 9, a, b, and ec. 
It will be observed that these also conform approxi- 





Fiat RE 335 Cube with s FIGURE 34 Cube with two mately to the shapes of the center holes of specimens 
ae Jaces- parallel to {100 faces parallel to | 100; and | corroded in acid media in figures 17, 18, and 19. 
fOn ajler exposure lo a 15-pe four faces parallelto | 110} ; 


ant NeOH solution after expocure to 15-percent Applying the above logic to the disks corroded in 
Ih; NaOH. solution 15-percent NaOH, in an effort to determine the 
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FIGURE > Shadow photographs of tetragonal trisoc lahedron 
having sides parallel to {335 
1) Cul plar b) dodecahedral plane: (« ctahedral plane parallel to paper 





FIGURE 37 Corroded sphere FIGURE 38 C‘orrode phere 
shown n faure 5 atte shou n n fig ‘ at 
onger erpos ire lo 1 5-pe still lonae er pos etal 
cent NaOH > percent NaOH 5 


crystallographic planes exposed during corrosion in 
this medium, a study was made of the corroded holes 
in the specimens of figures 20, 21, and 22, comparing 
them with the appropriately projected shapes of 
polyhedra with corresponding to various 
crystallographic indices. 

The most suitable polyhedron appears to be one 
whose faces are parallel to {335}. In figure 36 is 
shown a shadow photograph of such a polyhedron, 
oriented so that either cubic (a), dodecahedral (b 
or octahedral (c) planes lie in the plane of projection. 
Figures 36 a and ¢ correspond closely with the holes 
in the disks of ficures 20 and 22. However. some 
discrepancy occurs between figure 36, b, and the hole 
in the disk of figure 21, in that the relative lengths 
‘of the sides and the angles between sides are not 
similar for the two figures No simple mode of 
corrosion process can be hypothesized to explain 
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FIGURE 39 Nketch of letragonal trisoe lahedron shou ng} 
j 


as viewed in a direction norma lo the cubiu plane, 


how such a polyhedron might be formed wherein th 
hole produced would conform to the assumed model 
on only two of the three planes of projection, 

It will be recalled that, whereas acid corrosion of 
monocrystalline alumimum resulted in producing ete 
pits exposing only cubic planes, its gross features 
consisted of the most rapid rate of corrosion in a 
direction normal to octahedral planes. Figures 28 
29, and 30 show the specimen of figure 16, when 
oriented in the positions corresponding to figures 3 
+, and 5, respectively. This clearly shows that an 
octahedron-like shape is evolving from the original 
sphere. 

Conversely, specimens subjected to alkaline corro- 
sion revealed protuberances having facets which ar 
presumed to parallel {335} planes, whereas in its 
gross features, corrosion apparently progressed most 
rapidly in the cubic direction. Figure 37 shows a 
view parallel to the cubic plane of the specimen ol 
figure 25 after a somewhat longer exposure. It 
apparently has become more cube-like inasmuch as 
the areas lying on other than cubic planes have be- 
come smaller owing to the further development of 
such cube faces. After the specimen becomes essel- 
tially cubic in form, as shown in figure 38, further 
corrosion would only decrease the dimensions of the 
cube. The least rapid corrosion apparently occurs 
in directions normal to the octahedral plane, whereas 
an intermediate corrosion rate occurs normal to the 
dodecahedral plane. 

The protrusions on all faces of specimens in figures 
33 and 34 are considered to be the facets exposed 
during the attack by the alkali. As stated above 
they are identified as being probably parallel to 
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| RE 40 Si ho é agona soclahedron showing hillock 
as viewed in a direction norma » the dodecahedra plane 
35). The difference between the appearance of the 


protrusions on the vertical sides of the specimen in 
figure 34 and all the other protrusions on both speci- 
mens, will be clarified by viewing figures 39 and 40. 
This shows two views of the polvhedron formed 
such planes. The shaded areas in figure 39 cover 
four intersecting planes of the tetragonal trisoctahe- 
dron whose faces are parallel to (335) when cut by a 
cubic plane. Its appearance is similar to the shape 
of all the protrusions on the specimen in figure 33 
and the protrusions on the top face of the specimen 
in figure 34. They are the facets exposed when the 
corrosion progressed in a direction normal to the 
eubie planes. The shaded area of the polyhedron in 
figure 40 covers four intersecting planes when cut by 
a dodecahedral plane. Its configuration is similar to 
the protrusions on the of the specimen In 
figure 34. 
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6. Conclusions 


An investigation of the influence of corrosion by a 
l5-percent NaOH solution and by an aqua regia- 
hydrofluoric acid mixture on high purity monocrys- 
talline aluminum in various geometrical shapes re- 
sults in the following conclusions: 

The process of corrosion is an orderly one, the 
rate of attack being dependent on the arrangement 
of the atoms relative to the surface upon which the 
attack is taking place 

For the alkali mixture, the attack is such as to 
reveal facets whose surfaces probably are parallel to 


(335} planes, with the most rapid corrosion taking 
place in directions normal to cubic planes. Thus, 
when thin single-crystal disks having various surface 
orientations and containing small central holes were 
exposed to the NaOH mixture, these holes corroded 
so as to form shapes roughly similar to the trace of 
a polyhedron bounded by {335} planes when inter- 
sected by a plane oriented to correspond to the 
surface of the disk. 

3. For the acid mixture, a pitting type of attack 
occurs which exposes only the cubic planes. How- 
ever, corrosion is observed to progress at a very slow 
rate in directions normal to such planes, the most 
rapid corrosion occurring in directions normal to 
octahedral planes. This is similar to the attack ob- 
served by earlier investigators when using various 
acids. 

Thus, when thin single-crystal disks having various 
surface orientations and containing small central 
holes were exposed to the acid mixture, these holes 
corroded so as to form shapes similar to those of the 
trace of a cube when intersected by a plane oriented 
to correspond to the surface of the disk. 

The gross effect of corrosion by these media on 
spherical single crystals is such as to cause them to 
acquire the general shape of equilateral octahedra, 
when attacked by the acid mixture and of cubes 
when attacked by the NaOH solution. 


The author is grateful to W. F. Gerhold for assist- 
ing in construction of apparatus and growing of 
monocrystals, to H. C. Vacher for assistance in 
interpretation of X-ray diffraction patterns, and to 
R. W. Mebs for enlightening discussions during the 
course of the investigation and for critical review of 
the manuscript. 


7. References 


[1] A. T. Gwathmey 

(1951 

[2] A. T. Gwathmey and A. F. 
Soc. 77, 210 (1940) 

{. Leidheiser and A. T 


Soc. 91, 97 (1947) 


and F. W. Young, Rev. mét. 48, 434 


Benton, Trans. Electrochem 


Gwathmey, Trans. Electrochem. 


14] R. E. Cunningham and A. T. Gwathmey, J. Am. Chem. 
Soc. 76, 391 (1954) , 

[5] R. Glauner and R. Glocker, Z. Krist. 80, 377 (1931). 

[6] H. Kostron, Ek. Hoffler, and W. Sautter, Z. Metallkunde 


44, 17 (1953). 


[7] A. Politycki and H. Fischer, Z. Elektrochem. 57, 393 
(1953); 56, 326 (1952). 

[8] M. Straumanis, Z. Physik. Chem. 147, 161 (1930) 

9] P. W. Bridgman, Proc. Am. Acad. Arts Sci. 60, 305 
(1935). 

[10] C. J. Walton, Trans. Electrochem. Soc. 85, 239 (1944). 

[11] A. B. Greninger, Trans. Am. Inst. Mining Met. Eng. 


117, 61 (1935). 
[12] C. S. Barrett, Structure of metals, 2d ed. (McGraw-Hill 
Book Co., Ine., New York, N. Y., 1952). 


[13] H. Mahl, Metallwirtschaft 29, 1082 (1940), 
[14] H. Mahl and F. Pawlek, Z. Metallkunde 34, 232 (1942 
[15] B. Roald and M. A. Streicher, J. Electrochem. Soc. 97, 
283 (1950) 
WASHINGTON. October 16. 1956. 


167 


























ournal of Research of the National Bureau of Standards, 

. Volume 58, No. 1, January 1957 (RP2727 to RP2734, inel.), 
60 cents. Annual subscription $4.00. 

Technical News Bulletin, Volume 41, No. 1, January 1957. 
10 cents. Annual subscription $1.00. 

Basic Radio Propagation Predictions for Apri! 1957. Three 
months in advance. CRPI-D 149. Issued January 1957. 
10 cents. Annual subscription $1.00. 


Research Papers 
(Journal of Research, volume 58, No. 1, January 1957) 


RP2727. 


Influence of a 5 on the es eee ground 
wave. James R. Wait and Anabeth Murphy. 

Phase-diagram study of alloys in the iron-chro- 
oe system. . J. Bechtoldt and 
H. C. Vac 


RP2729. Construction of a Késters double-image prism. 


J. B. Saunders. 
RP2730. The Késters interferometer. J. B. Saunders. 
RP2731. Spectral absorbance of some aqueous solutions in 


the range 10° to 40° C. Elizabeth E. and Fleur C. 
Byers. 
RPI732. Radiant-heat a between nongray parallel] 


— Stanley 
. Wavelengths on iron-halide lamps. Robert W. 
Stanley and William F. Meggers. 
RP2734. Resistance of flow in Teflon and brass tubes. 
Marion R, Brockman. 


Circulars 


0510. Supplement 1. Tables of chemical kinetics: Homo- 
geneous reactions. $3.25. 


Publications in Other Journals 


Clues to ionospheric conditions in the southern auroral zone. 
A. H.8 mg Antarctica in the Intern. Geophys. Year. 
(American Geophys. wk 1515 Massachusetts Ave., 
risa)” Washington 5, D. C.) Geophys. Monograph No. 1 








































— i 


(American Inst. 
aah at ¥) 28, No. 8, 2 
anaes <f eee 
oe Reet Se vs ) 
Smith. ge (American be 
55th St., ‘New York 2 areas 
Plagties. Gordon M. 


Sout iow oe ne Gealaay ott 

39th St. cn York 18, N.Y) 6% Nov {M4 (Oct. 1 

Sources of error in various methods of airplane 
bration. Francis E. 

(1515 Massachusetts A 


RB 
1155 16th St., N. W., W 
Contributions soy ae ‘theory of Severe 


a hon, Ins. * Rnore Ma 


cs 


Pvillections for Se SSS ee available 
only from the Seperinteentiag of Decuman) U.S. rn- 
Oe Oats rons 

age, one-fourth odditional). Reprints fro nay offen be 
directly from the authors. =n 














127 PENALTY FOR PRIVATE USE TO 












UNN PAYMENT OF POSTAGE. $300.—s || 
GOVERNMEN' (aro) ee 
DIVISION OF . ...1G4 DOCUMENTS 
WASHINGTON 25, D. C. 
OFFICIAL BUSINESS 3 
he 
Journal of Research of the National Bureau of Standards Vol. 58, No. 3 March 1957 
Contents . 
Page 
Relative dimensional stabilities of a selected series of stainless-steel : 2 
decimeter bars. Benjamin L. Page. RP2742 119 
Thermal quenching in alpha- and gamma-excited fluorescent solutions. | 
H. H. Seliger and C. A. Ziegler. RP2743 125 
Two-parameter gloss methods. I. Nimeroff. RP2744 127 
Glassy state transitions of poly-(chlorotrifluoroethylene), poly-(vinylidene 1 
fluoride), and their copolymers. L. Mandelkern, G. M. Martin, and } 
F. A. Quinn, Jr. RP2745 137 
Measurement of the corrosion rate of iron by polarization techniques. 
W. J. Schwerdtfeger. RP2746 145 
Numerical computation of the transfinite diameter of two collinear line 
segments. Philip Davis. RP2747 155 
Influence of crystallographic orientation on the corrosion rate of alu- 
minum in acids and alkalies. Theodore H. Orem. RP2748 157 


{A list of recent NBS publications is given on page 3 of the cover.] 





ee ee S. Government Printing Office, Washington 25,D.C. Price 60 cents (single oc 


Subscription price: $4.00 a year; $1.25 additional for foreign mailing. 
UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON : 1957 









